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Abstract
Graphene has drawn plenty of attention since its discovery in 2004. Due to
its excellent properties, such as long spin relaxation length and gate-tunable
spin transport, graphene is expected to be a potential candidate for spintron-
ics applications. In this thesis, the systematic study of the spin relaxation
mechanisms in bilayer and single layer graphene is presented. Graphene-
based spin valve devices in four-terminal non-local geometry are fabricated
for the investigation of the charge and spin transport properties. From the
correlation between the charge carrier mobility and spin relaxation time, the
major role of the D’yakonov-Perel’ type of spin relaxation in bilayer graphene
is discovered. And the Elliott-Yafet mechanism could dominate in single layer
graphene. The first observation of long spin relaxation times of ∼2 ns in bi-
layer graphene is presented in this thesis, which is longer than that in single
layer and few layer graphene.
Next the spin valve devices with CVD synthesized single layer and bilayer
graphene are demonstrated. Both the charge and spin transport properties of
CVD SLG and BLG show very comparable performances, including the carrier
mobility, spin relaxation time, and spin relaxation length, to the exfoliated
natural graphene. The results suggest that the CVD synthesized graphene
could be promising for spintronics applications and possible to be integrated
into wafer-scale semiconductor manufacturing.
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Chapter 1
Introduction
1.1 Spintronics
Spintronics is a combination of charge carrier’s spin state and conventional
charge-based electronics. Spintronics has been studied in the past two decades.
Instead of the electron charge, one can store and transfer the information by
using the electron spin. The concept of spintronics is: an electron has its
own spin polarization, by reversing the external magnetic field, one can align
the spin polarization into two states, defined as ”spin up” and ”spin down”
states. By this concept, one can build a binary logical system by reading ”spin
up” and ”spin down” as ”1” and ”0” states, respectively. The advantages
of spintronic devices compared to the conventional semiconductor electronic
technology are: higher data processing speed, higher integration density, and
higher energy efficiency [1]. Several potential applications of spintronics could
be spin-field-effect transistor (spin-FET) [2], spin-light emitting diode (spin-
LED [3]), magnetoresistive random access memory (MRAM) [4], and trans-
parent graphene electrodes [5, 6, 7], etc. To efficiently integrate spintronics
into the semiconductor technology nowadays, several fundamental issues must
be solved, such as spin injection efficiency, spin transport mechanism, and spin
manipulation.
In 1988, the giant magnetoresistance (GMR) effect was independently dis-
covered by Albert Fert’s and Peter Gru¨nberg’s groups [8, 9], and both A. Fert
and P. Gru¨nberg won the Nobel Prize in 2007. The discovery of the GMR ef-
1
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fect has been considered as the beginning of the spintronics era. After decades
of development, now spintronics is applied widely in our life. The most well
known commercial application is the GMR spin valve read head in hard disk
drives. The idea was proposed by IBM in 1998 [10]. A typical structure
of a GMR spin valve is shown in Fig. 1.1. Both the free layer and pinned
layer are made of ferromagnetic metals, and the spacer layer is made of non-
magnetic metal. One can apply an electric current flowing through the free
layer/spacer/pinned layer stacked system and probe the total resistance. In
one case, the magnetization orientations of the free layer and pinned layer are
parallel [Fig. 1.1(a)], a lower total resistance is detected. In the other case,
when the magnetization of the free layer is switched to the opposite direc-
tion by an external magnetic field [Fig. 1.1(b)], which leads to a higher total
resistance. The origin of the GMR effect can be understood within Mott’s
two-current model [11, 12]: in ferromagnetic metal, the electrons in ”spin up”
and ”spin down” states have different density of states at the Fermi level.
And the total conductivity is the sum of these two channels’ conductivities.
When the electron spins of the current are aligned parallel (antiparallel) to
the magnetization of the ferromagnetic layer, they are weakly (strongly) scat-
tered at the ferromagnet/non-magnet interfaces. Therefore in Fig. 1.1(a), the
total conduction is mainly built by the ”spin up” electrons and is relatively
large since the electrons are weakly scattered. In contrast, in Fig. 1.1(b) both
”spin up” and ”spin down” electrons are strongly scattered at either the free
layer/spacer or the spacer/pinned layer interface. The conductivities of both
channels are small compared to the weakly scattered condition. Therefore a
higher total resistance is then obtained. Besides the GMR effect, some other
fundamental spin related behaviors would be, e.g., anisotropic magnetoresis-
tance (AMR) [13] and tunnel magnetoresistance (TMR) [14, 15] effects. The
AMR effect was the first discovery of a spin related effect: a ferromagnetic
material performs different resistance depending on the direction of the mag-
netization orientation with respect to its anisotropic shape and the current
flow. Similar to the GMR effect, in a TMR-based magnetic tunnel junction
(MTJ) structure, a tunnel barrier is used instead of the non-magnetic metal
spacer [14, 15]. A spin polarized current can be injected from the spin injector
into the detector via the tunnel barrier. Assuming the magnetizations of the
2
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Figure 1.1: GMR spin valve structure. The magnetization orientations of the free
layer and pinned layer are (a) parallel or (b) antiparallel.
injector and detector are parallel (antiparallel), the majority (minority) spins
can tunnel into the detector easier (more difficult). In this case, the total
resistance of the device is lower (higher) and can be defined as ”1 (0)” in a
binary system.
GMR spin valve devices can be helpful for spin transport studies. A typi-
cal GMR spin valve device is fabricated in a ferromagnet (spin injector)/non-
magnet/ferromagnet (spin detector) stacked or lateral structure. In this the-
sis, Co/MgO/graphene/MgO/Co lateral structures are fabricated as the spin
valve devices. The Co films are used as the spin injector and detector. The
purpose of MgO films is to combat the conductivity mismatch (details are
described in Chapter 2). While the spin polarized current is injected from
the injector into the non-magnet, which is graphene in this thesis, the spin
accumulation occurs at the interface. The spins diffuse into graphene with
time and the density of spins decays exponentially as a function of the travel
distance, characterized as the spin relaxation length (λs). The concept of the
spin valve is: when the magnetizations of the injector and detector are parallel
(antiparallel), the total resistance RP (RAP ) is lower (higher). If the sepa-
ration of the injector and detector is within λs, one can detect a spin signal
∆R(= RAP − RP ). The spin valve system is usually used for realizing spin
dynamics in non-magnetic materials, especially for the semiconductors which
have been already integrated in the electronic devices, e.g., Si [16, 17], GaAs
[18], and graphene [19, 20]. Although silicon has been used the most widely in
the semiconductor industry, it is nonideal for spintronics applications because
of its short spin relaxation length (∼0.2 µm) at room temperature [16]. How-
3
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Figure 1.2: Optical microscopic image of graphene flakes. Adapted from Ref.
[24].
ever, a new material – graphene, has arisen in the recent few years due to its
novel electronic and spintronic properties [19, 20, 21, 22, 23], e.g., high charge
carrier mobility and long spin relaxation length at room temperature. In
this thesis, the graphene-based spin valve devices are fabricated and the spin
transport properties in graphene and its bilayer are studied and discussed.
1.2 Graphene
Graphene is one of the most remarkable materials since it was discovered by K.
S. Novoselov and A. K. Geim et al. in 2004 [19], and who won the Nobel Prize
in 2010. Graphene is a two-dimensional crystalline film formed by carbon
atoms. Figure 1.2 shows the graphene flakes deposited on the Si substrate
[24]. Graphene’s fascinating electronic properties, e.g., high charge carrier
mobility, up to 2.5× 105 cm2/Vs [21], and gate-tunable charge carrier density
[19, 22, 23], make it very promising for electronics applications. The graphene-
based field-effect transistors [19, 22, 23] and high frequency transistors [25, 26,
27] have been recently reported and shown excellent performances. From the
spintronics point of view, it is expected that the spin relaxation length (λs) and
the spin relaxation time (τs) in graphene could be long [28, 29] due to the small
internal spin-orbit coupling [proportional to the atomic number to the power
of four (Z4), and carbon atom has a Z=6]. And also the hyperfine interaction is
negligible (comes from 13C, which is only 1 % of carbon atoms). The first single
4
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layer graphene (SLG)-based spin valve device has been demonstrated by N.
Tombros et al. [20]. The long spin relaxation lengths of micrometers and spin
relaxation times of subnanoseconds at room temperature have been observed.
In this thesis, it is found that the spin relaxation length in bilayer graphene
(BLG) can also reach micrometers as well and the spin relaxation time can
extend up to nanoseconds [30] at room temperature. Due to the long spin
relaxation length and spin relaxation time, graphene seems to be a marvelous
candidate for spintronics applications. However, some critical issues still need
to be clarified and solved. One of the major issues is that the spin relaxation
mechanisms in graphene need to be clearly identified [28, 29, 31, 32]. And the
integration techniques of graphene-based devices must be developed [33].
In the thesis, the systematic study of spin transport in bilayer graphene is
emphasized. For this purpose, the BLG spin valve devices are fabricated and
the spin transport properties [i.e., spin relaxation time (τs) and spin relaxation
length]) are characterized. It is found that the dominant spin relaxation
mechanism in BLG could be the D’yakonov-Perel’ type [30] (the electron spin
precesses randomly between two scattering events due to the local effective
fields, which results in the spin relaxation time as inversely proportional to the
momentum scattering time τp, τs ∝ τ−1p ). And the Elliott-Yafet mechanism
(the electron spin has a finite probability to change its orientation during
each momentum scattering, which leads to τs ∝ τp) could dominate in SLG
[28, 34]. Besides using the natural graphene produced by the mechanical
exfoliation technique, the fabrication of large-scale graphene-based spin valve
devices with CVD synthesized SLG and BLG is demonstrated in this thesis
as well. The results show that the CVD synthesized SLG and BLG have spin
transport quantities, e.g., τs and λs, comparable to the exfoliated graphene
[35] and are promising to be integrated into the conventional semiconductor
manufacturing.
5
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Chapter 2
Theoretical aspects
In this chapter, the theory of the spin injection from a ferromagnet into a
non-magnetic material is described, particularly from cobalt into graphene in
this thesis. In order to examine the spin relaxation mechanisms in graphene,
the four-terminal non-local spin valve and Hanle spin precession experiments
are performed. A dielectric MgO thin film is placed between the cobalt elec-
trodes and graphene to combat the conductivity mismatch. The electronic
and spintronic properties of graphene are discussed as well.
2.1 Spin injection and spin precession
In this section, the spin injection from a ferromagnet into a non-magnet,
i.e., graphene in this thesis, is described. A dielectric thin barrier is placed
between the ferromagnet and graphene to combat the conductivity mismatch
[20, 36, 37, 38, 39].
2.1.1 Electrical spin injection and detection
When an electric current flows through a diffusive conductor, the current can
be considered as two independent spin channels [12], one is the spin up (↑)
electrons, and the other one is the spin down (↓) electrons. This concept is
valid only when most of the scattering events preserve the spin orientations,
otherwise the coupling of these two channels becomes strong and the two
channels are not independent anymore. The spin current density of spin up
7
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(down) is proportional to the gradient of the electrochemical potential. In a
one-dimensional system, the spin current density is determined as
j↑,↓ =
σ↑,↓
e
∂µ↑,↓
∂x
, (2.1)
where σ↑,↓ and µ↑,↓ represent the electrical conductivities and chemical poten-
tials of the spin up and spin down channels, respectively. The total charge
current j is given by
j = j↑ + j↓, (2.2)
and the net spin current js is defined as
js = j↑ − j↓. (2.3)
In a ferromagnet, σ↑ 6= σ↓ due to the exchange energy splitting. There-
fore, when a current flows through a ferromagnet, a non-zero spin current is
generated. The spin polarization p is defined as
p =
j↑ − j↓
j↑ + j↓
=
σ↑ − σ↓
σ↑ + σ↓
, (2.4)
and the total electrical conductivity σtotal = σ↑ + σ↓ [12], thus one rewrites
p =
σ↑ − σ↓
σtotal
. (2.5)
By introducing the spin polarization p into Eq. 2.1, one can rewrite
j↑ = (1 + p)
σtotal
2e
∂µ↑
∂x
, (2.6)
j↓ = (1− p)σtotal
2e
∂µ↓
∂x
, (2.7)
which show that in a ferromagnet, the current carries not only electrical
charges, but also polarized spins. Therefore, a ferromagnet can be used as
a spin polarized current source (spin injector), because a net spin current
(js 6= 0) can be created.
When a electric current flows from a ferromagnetic spin injector into a
non-magnet (Johnson-Silsbee spin injection), a spin accumulation is created at
the interface [40]. In a diffusive non-ferromagnetic material, the spin density
8
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Figure 2.1: Resistor models of GMR spin valves: FM1/NM/FM2. The magne-
tizations of the ferromagnetic spin injector and detector are (a) parallel or (b) an-
tiparallel. RF , rF , RN represent the resistances of the spin up channel, spin
down channel, and the non-magnet, respectively. The change in total resistance
∆R = RAP −RP > 0. The details of RP and RAP see in text.
decays exponentially as a function of the distance from the FM/NM interface,
which follows the diffusion equation:
∂2∆µ
∂x2
=
∆µ
λ2s
, (2.8)
where λs is the spin relaxation length, and the potential difference ∆µ =
µ↑−µ↓. If the spins relax with a length of λs, and the spin detector is placed
within the relaxation length λs, then the total resistance change between the
parallel and antiparallel magnetization configurations of the injector (FM1
in Fig. 2.1) and detector (FM2 in Fig. 2.1) can be detected. Figure 2.1
shows the typical GMR spin valve structures and the resistor models. In one
case, the magnetizations of the injector and detector are parallel. The total
resistance RP is
RP =
(2RF +RN)(2rF +RN)
2(RF +RN + rF )
. (2.9)
By switching the magnetization configuration of the injector and detector to
antiparallel, the total resistance RAP becomes
RAP =
RF +RN + rF
2
. (2.10)
9
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Figure 2.2: Spin valve experiment of a Co/Au/Co system at 294 K (adapted from
Ref. [9]). The blue arrows indicate the magnetization configurations of the spin
injector and detector.
Then one can observe a change in total resistance ∆R:
∆R = RAP −RP = (RF − rF )
2
2(RF +RN + rF )
> 0. (2.11)
Figure 2.2 shows a spin valve experiment of a Co/Au/Co system by J.
Barnas´ et al. [9]. When the magnetizations of the spin injector and detector
are aligned parallel, the total resistance is lower compared to the situation
when they are aligned antiparallel. The explanation is that when the elec-
tron’s magnetization orientation is parallel to the FM layer’s, it is very weakly
scattered at the FM/NM interface [11]. On the other hand, the electron is
strongly scattered when its magnetization is antiparallel to the FM layer’s.
In the case of the spin injector and detector have parallel magnetizations
[Fig. 2.1(a)], the conductivity of the spin up channel (σ↑) is large because
the spin up electrons are barely scattered. And the spin down electrons are
severely scattered at both FM1/NM and NM/FM2 interfaces, therefore σ↓ is
much smaller. As a result the spin up channel is responsible for most of the
total conductivity σtotal,↑↑(=σ↑+σ↓). In the other case [Fig. 2.1(b)], both the
spin up and spin down electrons are strongly scattered at either NM/FM2 or
FM1/NM interface. The conductivities of these two channels are equal and
small. The resultant total conductivity σtotal,↑↓ is lower than σtotal,↑↑.
10
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2.1.2 Non-local spin valve geometry
A conventional two-terminal spin valve structure (Fig. 2.1) is the simplest
method to determine the spin relaxation length λs. However, in a two-terminal
system, it is difficult to observe the pure spin current. The charge current
could also involve and cause fluctuations in the circuit resistance due to effects
such as Hall effect, anisotropic magnetoresistance (AMR), magneto-Coulomb
effect [20, 41, 42], etc. These effects can sometimes make the spin signal invis-
ible. And also in a two-terminal measurement, the measured total resistance
always includes the resistances of the metal lines in the device structure and
the contact resistances. Assuming that the sum of the resistances of the metal
lines and the contact resistances are in the order of kiloohms or higher, and
the spin signal (∆R) is only several ohms or even smaller. Then it is diffi-
cult to distinguish the spin signal from the background signal due to they are
in the same magnitude. Therefore, a four-terminal non-local measurement
is necessarily needed to be applied. One can separate the spin current and
the electrical charge current by using the four-terminal non-local geometry
[20, 40, 42, 43]. By this, the pure spin signal can be observed.
Figure 2.3(a) shows a scanning electron microscopy (SEM) image of a typ-
ical four-terminal non-local graphene spin valve structure in this thesis. In
this work, the cobalt electrodes are served as the spin injector and detector.
The two outer electrodes are not necessary to be ferromagnets. However, all
the electrodes are fabricated in cobalt to simplify the e-beam lithography pro-
cess. The electrodes are designed in various widths in order to have different
coercive field Bc [13, 44]. In the schematic drawing Figure 2.3(b), a constant
a.c. current is applied to the spin injector (E2), and then the spin polarized
current is injected into graphene via a thin MgO barrier. The standard a.c.
lock-in measurement technique is applied to probe the potential difference
between the spin detector (E3) and the electrode E4. Then one can obtain
the non-local resistance Rnl =
V+ − V−
Iac
. When the spin polarized current
is injected, the spins accumulate at the interface and diffuse in graphene.
Meanwhile the density of spins decays as a function of the travel distance, as
shown in Fig. 2.3(c). Figure 2.3(d) shows a typical non-local spin valve exper-
iment (device JB01 D) at room temperature. A positive non-local resistance
11
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Figure 2.3: Spin valve experiment in four-terminal non-local geometry. (a) SEM
image of a typical four-terminal non-local graphene spin valve structure in this the-
sis. (b) Cross-section schematic drawing of a four-terminal non-local spin valve ge-
ometry. (c) Illustration of the spin accumulation and diffusion at the ferromagnetic
spin injector/MgO/graphene interface. The solid green circles denote the parallel
magnetizations of the spin injector and detector. The hollow green circle denotes
when the magnetizations are antiparallel. (d) Non-local spin valve experiment of
device JB01 D at room temperature.
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R↑↑=
V↑↑
Iac
is detected when the magnetizations of the injector and detector are
in parallel configuration. While sweeping the magnetic field By from +70 mT
to −10 mT, due to the different coercive fields of the injector and detector,
the detector switches its magnetization direction first, indicated as the hollow
green circle in Fig 2.3(c). A negative non-local resistance R↑↓ =
V↑↓
Iac
is then
measured. While the field keeps increasing to −30 mT, the magnetization of
the injector switches as well. When the magnetizations of both the injector
and detector are in the spin down direction, the spin density mathematically
equals to the spin up state. Therefore the non-local resistance recovers to
the initial value (R↑↑). The red curve in Fig. 2.3(d) represents the non-local
resistance with the By sweep from +70 mT to −70 mT, and the blue curve
vice versa. The spin valve signal is defined as the change in the non-local
resistance, ∆Rnl = R↑↓ − R↑↑. Assuming that the conductivity mismatch is
negligible, one can write the spin signal [45]:
∆Rnl =
P 2Rsqλs
W
exp(− L
λs
), (2.12)
where P, Rsq, W, L, λs are the spin injection efficiency, graphene resistivity
(i.e., sheet resistance), the width of graphene, the separation between the spin
injector and detector, and the spin relaxation length, respectively. The role of
the thin MgO film in Fig. 2.3 is to combat the conductivity mismatch between
the cobalt electrodes and graphene, which will be discussed in Sec. 2.2.
In order to investigate the spin relaxation length in graphene, the graphene-
based devices in four-terminal structures are fabricated and the non-local
spin valve experiments are performed. However, in Eq. 2.12 two quantities
P and λs remain unknown, therefore the spin relaxation length can not yet
be determined. Therefore, the Hanle spin precession experiments are fur-
ther performed, which can help to reveal the spin relaxation time (τs) and
diffusion constant (D) by fitting the data to the one-dimensional Bloch equa-
tion [20, 42]. Then spin relaxation length λs(=
√
Dτs) and the spin injection
efficiency (in Eq. 2.12) can be then deduced. The Hanle spin precession ex-
periment is described in Sec. 2.1.3 and more detailed experimental results are
presented in Chapters 4 to 6.
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2.1.3 Electron spin precession
The spin relaxation length can not be easily extracted from a spin valve
experiment. However from a Hanle spin precession experiment, one is able
to determine the spin relaxation time and diffusion constant. Thus the spin
relaxation length can be derived, λs =
√
Dτs.
When an external magnetic field in z-direction [as in Fig. 2.4(a)] is applied,
the spins can not only diffuse and relax in the non-magnetic material, but also
precess, the precessions can be described as [46]:
∂−→µ x
∂t
= D∇2−→µ x −
−→µ x
T2
+
gµB
~
(
−→
Bx−→µ )x, (2.13)
∂−→µ y
∂t
= D∇2−→µ y −
−→µ y
T2
+
gµB
~
(
−→
Bx−→µ )y, (2.14)
∂−→µ z
∂t
= D∇2−→µ z −
−→µ z
τs
+
gµB
~
(
−→
Bx−→µ )z, (2.15)
where D, µB, g, and
−→µ represent the diffusion constant, Bohr magneton,
electronic g-factor, and the chemical potential, respectively. τs, spin relaxation
time, is the time it takes for the spins to reach the equilibrium state along the
longitudinal magnetic field direction. T2, spin dephasing time, is the time the
transverse spins which precess in phase about the longitudinal magnetic field
lose their phases. When the system is isotropic and the correlation time, τc, is
much shorter than the Larmor period, then the spin relaxation time equals to
the spin dephasing time (τs = T2) [47, 48, 49, 50]. The spin transport behavior
in the case, graphene, can be described by the one-dimensional Bloch equation
[28, 42, 45, 51]:
D
d2−→µ
dx2
−
−→µ
τs
+−→ω L ×−→µ = 0, (2.16)
where −→ω L is the Larmor frequency (precession frequency), which is defined
as:
−→ω L = −gµB
−→
B
~
. (2.17)
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Figure 2.4: Spin precession under ballistic transport condition. (a) The spins
precess while traveling through the non-magnetic material (graphene) under an
application of z-direction magnetic field Bz. (b) The spin signals as a function of
Bz when the magnetizations of the injector and detector are parallel (blue) and
antiparallel (red).
In Eq. 2.16, the first term describes the spin diffusion, the second term
describes the spin relaxation, and the third term is the spin precession term.
By solving the Bloch equation (Eq. 2.16), one is able to extract the diffusion
constant and spin relaxation time.
The method to perform a spin precession experiment is [20, 42, 43, 52]:
first apply a magnetic filed By along the easy-axis direction of the injector and
detector to make the magnetizations of the injector and detector parallel (or
antiparallel), as shown in Fig. 2.4(a), then remove By. Next measure the non-
local resistance as a function of z-direction magnetic field Bz. Considering
a 1-D ballistic transport case, once the spins are injected from the injector
15
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Figure 2.5: Hanle spin precession experiment of the bilayer graphene device
JB01 D at room temperature. The black (blue) dots represent the non-local mag-
netoresistance when the magnetizations of the injector and detector are parallel
(antiparallel). The red curves are the fits to Eq. 2.18
into the non-magnet, the field Bz can force the spins to precess with an
angle φ = ωLt, where t is the travel time of a spin from the injector to the
detector. When the spins reach the detector, only their projection to the
detector can be detected, therefore the signals are modulated by a quantity
of cosφ. The total resistance as a function of Bz would be a cosinusoid, as
shown in Fig. 2.4(b). When the magnetizations of the injector and detector
are parallel (antiparallel), the total resistance has a maximum (minimum)
value at zero magnetic field, shown as the blue dashed (red solid) line in
Fig. 2.4(b). The amplitude decreases (increases) with the increase of Bz field
and drops (lifts up) to zero while the precession angle of the spins equals to
90◦. The total resistance has a minimum (maximum) value when the spins
are rotated 180◦ with respect to the initial orientation. The spin signal then
symmetrically increases (decreases) to the maximum (minimum) value when
the precession angle is rotated to 360◦.
However, in our case, the transport is not ballistic but diffusive instead.
The spins have different travel paths between the injector and detector. There-
fore, the travel time t is not a constant, and hence a broadened distribution
of precession angle φ(= ωLt) occurs. When spin flip is also considered, the
relaxation factor [exp(−t/τs)] of the spins which are not flipped after time t
must be taken into account. Because of the diffusion broadening, each spin
16
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has different precession angle, therefore the total resistance measured is ac-
tually the summation of all contributions from every spin over all diffusion
times t, and can be described as [32]:
Rtotal ∝ ±
∫ ∞
0
1√
4piDt
exp
(
− L
2
4Dt
)
cos(ωLt)exp
(
− t
τs
)
dt, (2.18)
where the ± signs correspond to the parallel and antiparallel alignments of the
injector/detector magnetizations, respectively, D is the diffusion constant, L
is the separation of the injector and detector, ωL is the Larmor frequency, and
τs is the spin relaxation time. Figure 2.5 shows a typical Hanle spin precession
experiment of the graphene-based spin valve device JB01 D at room temper-
ature. The black (blue) dots correspond the non-local resistances when the
magnetizations of the injector and detector are parallel (antiparallel). The red
curves are the fits to Eq. 2.18 [32, 43]. Note that in Fig. 2.5, the background
signals are subtracted. By fitting (carried out by means of Origin, OriginLab
Corporation) the data in Fig. 2.5, the diffusion constant D ≈0.003 m2/s and
the spin relaxation time τs ≈135.4 ps are obtained. Thus the spin relaxation
length λs =
√
Dτs ≈0.64 µm and the spin injection efficiency P ≈4.9% (from
Eq. 2.12) are derived. In this thesis, the spin relaxation times and spin re-
laxation lengths in graphene are deduced through performing the Hanle spin
precession experiments. The experimental results are presented in Chapters 4
to 6.
2.2 Conductivity mismatch
Injecting spin polarized current into materials is one of the major key points in
spintronics. The spin injection can be achieved from a ferromagnetic material
(metal or semiconductor) into a metal or semiconductor [16, 18, 20, 42]. At
room temperature, by using a ferromagnetic metal, e.g., pure cobalt or iron,
as the spin injector is much simpler than using a ferromagnetic semiconductor,
because room temperature ferromagnetic semiconductors are usually complex
compounds [18, 53, 54]. Recently, the spin transport in semiconductors has
attracted plenty of attention due to their long spin relaxation times compared
17
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Table 2.1: Spin transport quantities in metals and semiconductors.
Material τs (ns) λs (µm) Temperature (K)
Al [42] 0.1 0.66 4.2
Al [57] 0.12 1.2 300
Cu [58] 0.022 0.546 4.2
Cu [57] 0.014 0.56 300
Ag [59] 0.0036 0.189 79
Ag [59] 0.003 0.152 300
GaAs [55] 29 ≈100 1.6
Si [17] ≈1 not reported 85
Si [16] 0.142 0.23 300
SLG [56] ≈0.77 ≈3.9 300
SLG [56] ≈1 ≈0.9 4
BLG [30] 1.9 0.71 300
BLG [56] 6.2 ≈0.4 20
to metals’ [16, 20, 30, 42, 55]. Table 2.1 shows the spin relaxation times and
spin relaxation lengths of several metals (Al, Cu, and Ag) and semiconduc-
tors (GaAs, Si, SLG, and BLG). Semiconductors’ long τs and long λs make
them more ideal for spintronics applications than metals, especially the novel
material–graphene, which has long spin relaxation time and spin relaxation
length at room temperature [30, 56]. In this thesis, the spin injection into
graphene and the spin transport in graphene are mainly studied.
When a spin polarized current is injected from a ferromagnet into a non-
magnetic semiconductor as shown in Figure 2.6(a). From Eq. 2.4, one can
define the spin polarization p(x) at position x (x = 0 at the FM1/SC interface)
in the non-magnet as
p(x) =
j↑(x)− j↓(x)
j↑(x) + j↓(x)
. (2.19)
To distinguish the spin polarization effects from the electric current flow,
now only considering the electrochemical potential. From the diffusion equa-
tion (Eq. 2.8), the spin electrochemical potentials of the spin up and spin
down channels in FM1 are [36]:
18
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Figure 2.6: Spin injection from (a) a ferromagnet into a non-magnetic semicon-
ductor directly, and from (b) a ferromagnet into a non-magnetic semiconductor via
an insulating barrier.
µ↑,↓ = µ0 + a↑,↓exp(
x
λFM
), (2.20)
where µ0 is the electrochemical potential without spin effect, a↑,↓ is a constant,
and λFM is the spin relaxation length in the ferromagnet.
Based on the assumption in Ref. [36]: when the spin relaxation length in
the semiconductor, λSC , is much larger than that in the ferromagnet, λFM ,
and also much larger than the separation between the spin injector and de-
tector, one can set the spin relaxation time τs = ∞. The electrochemical
potentials in SC for the spin up and spin down channels are
µ↑,↓(x) = µ(0) + b↑,↓x, (2.21)
where µ(0) is the chemical potential at the FM1/SC interface (x = 0), and
b↑,↓ is a constant.
Considering the case: the magnetizations of the injector and detector are
parallel, the spin polarization at the FM1/SC interface in the semiconductor
can be calculated by using the continuity of j↑,↓ at the interface under the
boundary condition of charge conservation (j↑ + j↓=constant). Combining
Eqs. 2.1, 2.8, and 2.19-2.21, the spin polarization in SC is:
p = β
λFM
σFM
σSC
lSC
2(
2
λFM
lSC
σSC
σFM
+ 1
)
− β2
, (2.22)
where β is the spin polarization in the ferromagnet far from the interface,
and lSC is the separation between the injector and detector. Note that in the
ferromagnet, the conductivities for the spin up and spin down channels are dif-
ferent, for the spin up channel, σFM↑ =
1 + β
2
σFM , and σFM↓ =
1− β
2
σFM for
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the spin down channel. In the non-magnetic semiconductor, the two channels
equally share the total conductivity, σSC↑ = σSC↓ =
σSC
2
. In Eq. 2.22, the
maximum p = β can be obtained when lSC → 0 or σSC
σFM
→∞ or λFM →∞.
However, these conditions are not true in the reality. Instead the spin po-
larization p  1% due to σFM  σSC and lSC , λFM are finite values. This
extremely small spin polarization caused by the huge different conductivities
between the ferromagnetic metal injector and the semiconductor is so called
”conductivity mismatch”.
Practically, one can measure the total resistances (FM1/SC/FM2) in dif-
ferent magnetization configurations, which are parallel and antiparallel and
correspond to RP and RAP , respectively. To estimate the change in the mag-
netoresistance ∆R (=RAP −RP ), one can calculate
∆R
RP
=
β2
1− β2
4α2
(2α + 1)2 − β2 , (2.23)
α =
λFM
lSC
σSC
σFM
, (2.24)
and again here one can see ∆R → 0 due to σFM  σSC . To solve the
conductivity mismatch issue, it has been suggested to insert an insulating
barrier between the ferromagnetic metal and semiconductor [36, 37, 38, 39],
as shown in Fig. 2.6(b). It has been expected in an FM/I/SC/I/FM system
with a interface resistance rc, and when rc is in the range of [38, 39]
1
σSC
lSC
λSC
< rc <
1
σSC
λSC
lSC
, (2.25)
then a significant ∆R would be restored and can be expressed as [38, 39]
∆R
RP
≈ γ2
1− γ2 , (2.26)
where γ is the interface spin-asymmetry coefficient. Thus the spin signal
∆R can be observed. In this thesis, a thin MgO film is introduced between
the Co electrodes and graphene to gain high contact resistances. The rea-
son why MgO films are used as the barriers instead of AlOx [20, 51] barriers
is that by using MgO barriers between the metal ferromagnetic spin injec-
tor and graphene might provide a higher spin polarization than using AlOx
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[60, 61, 62, 63, 64, 65, 66]. Spin injection into graphene via AlOx barriers as
reported [20] can assist the spin injection efficiency P ≈10% at room temper-
ature. And a MgO tunnel barrier can enhance the spin injection efficiency
up to 31% [66]. Figure 2.7 shows a cross-section high resolution transmis-
sion electron microscopy (HRTEM) image of the Co/MgO (2 nm)/SLG/SiO2
structure in sample X028. The image indicates that the MgO film is poly-
crystalline in the system, and note the SLG is hardly distinguishable from the
neighboring molecules since SLG is only one atomic layer thick. And because
MgO has crystalline structure, unlike amorphous AlOx, it has been predicted
theoretically the TMR ratio can be as high as 1000% with MgO tunnel bar-
riers in Fe/MgO/Fe systems [67]. Therefore the MgO films are chosen as the
barriers in this work in order to enhance the spin injection efficiency, thus
the spin valve signal could be large, because the spin signal is proportional
to the square of spin injection efficiency (∆Rnl ∝ P 2). The reported largest
spin signal in graphene-based devices with MgO tunnel barriers is 130 Ω [66],
which is much larger than that with AlOx barrier in Ref. [20] (∼6 Ω). So
far, the spin injection efficiency in this thesis can reach around 3 to 9%, and
the largest spin signal is ≈18 Ω, which are relatively lower than those in Ref.
[66]. One possible explanation is that in these devices, the MgO barriers are
not perfectly homogeneous and the pinholes might exist. As performing the
contact resistance as a function of temperature, it is found that not all the in-
terfaces show insulating behaviors (see Fig. 4.17). Some of the interfaces show
metallic properties and thus the spin injection efficiency could be suppressed
[66]. Additionally, there are some doubts on the effects of MgO deposition on
the graphene crystal. B. Dlubak et al. found the deposition of MgO might
damage the graphene crystal and induce the amorphization [68]. However,
in this work, after the MgO deposition, the 2D-band (∼2700 cm−1) is still
observed (see Fig. 2.8. More details about the Raman spectrum of graphene
are described in Chapter 3), which proves the existence of graphene. Note in
Fig. 2.8 the difference in the Raman intensity between SLG and SLG+MgO is
due to the different signal integration time. The reason which causes the dif-
ferent observations of the MgO deposition effects might be the different MgO
deposition processes. In Ref. [68], the MgO films are deposited by sputtering
technique, which could create high energy ions and then hurt the c-c bonds.
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Figure 2.7: HRTEM image of the Co/MgO (2 nm)/SLG/SiO2 stacked structure
in sample X028.
Figure 2.8: Raman spectrum of SLG (sample G01-29-02) before (blue) and after
(green) the MgO (2 nm) deposition by MBE technique.
However the MgO films in this work are deposited by means of molecular
beam epitaxy (MBE) technique. Therefore the MgO molecules are gently de-
posited on the graphene surface, and the damage could be reduced to a very
negligible level.
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Figure 2.9: Graphene has two sublattices, which are A (red) and B (blue) sub-
lattices.
2.3 Electronic properties of graphene
Graphene is a monolayer of carbon atoms, a two-dimensional hexagonal lattice
and is made from two sublattices, A and B sublattices as shown in Fig. 2.9.
The field-effect [19] and the carrier mobilities as high as 2.5×105 cm2/Vs in
graphene [21] make it a very promising solution for electronic technologies.
Additionally, graphene’s excellent spintronic properties, such as long spin re-
laxation length [20] and gate-tunable spin transport[28, 30], make it potential
for spintronics applications.
2.3.1 Electronic properties of single layer graphene
In the band structure of single layer graphene (SLG), Fig. 2.10(a), the con-
duction band and valence band meet each other at the K and K’ points [69].
And in the vicinity of the zero band gap points, also called the Dirac neutral-
ity points, the electron energy is a linear dispersion and can be described by
a Dirac-like wave equation [70]:
i~vF
(
0 ∂x− i∂y
∂x+ i∂y 0
)(
ΨA(γ)
ΨB(γ)
)
= E
(
ΨA(γ)
ΨB(γ)
)
, (2.27)
where the Fermi velocity is 1/300 of the light velocity, vF = 10
6 m/s, and ΨA,
ΨB correspond to the wavefunctions of A and B sublattices, respectively.
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Figure 2.10: (a) Band structure of single layer graphene (adapted from Ref. [69]).
The conduction band and valence band meet each other at the K and K’ points.
(b) Schematic drawing of the graphene resistance measurement in four-terminal
geometry. (c) Graphene resistance and (d) conductivity of the SLG device A1-3-
5 H as a function of gate voltage. The maximum resistance locates at the Dirac
neutrality point. On the right (left) side of the Dirac point, the graphene is in the
electron (hole) conduction regime.
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The Fermi level of graphene can be simply tuned by applying gate biases,
which means the charge carrier type can be changed from holes to electrons.
The charge carrier density (n) can be estimated as a function of gate voltage
[71]:
n = ±Cg
e
(VG − VD), (2.28)
where the ± signs correspond to electrons and holes, Cg is the gate oxide
capacitance per unit area, e is the electron charge, VG and VD are the ap-
plied gate voltage and the gate voltage at the Dirac point, respectively. The
constant number Cg/e ≈7.579×1010 cm−2V−1 for 285 nm thick SiO2 in this
work [72]. Figures 2.10(b) and (c) show the experiments of the graphene re-
sistance and conductivity as a function of gate voltage at room temperature.
The Dirac point locates at VD=−1 V in this SLG device (device A1-3-5 H).
While at the gate voltage VG = VD, the Fermi level is at the K point and the
density of state has a minimum. When the gate voltage is higher (lower) than
VG=−1 V, the graphene is in the electron (hole) conduction regime.
At high carrier densities, the conductivity (σ) is a function of the charge
carrier density and charge carrier mobility (µ), and can be described by the
Drude equation [71, 73]:
σ = neµ, (2.29)
therefore the electrical conductivity, the carrier density and the carrier mobil-
ity can be tuned by changing the gate voltage. Note that Eq. 2.29 is invalid
near the Dirac point and only valid when the charge carrier density is high
(n ≥ 1011 cm−2) [70]. Combining Eqs. 2.28 and 2.29, the conductivity is
rewritten as
σ = Cg|VG − VD|µ, (2.30)
here one can see the carrier mobility can be estimated through the measure-
ment of graphene conductivity as a function of gate voltage. The detailed
experimental data analysis is discussed in Chapter 4.
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Next, the momentum scattering time in SLG is discussed. The charge
carrier diffusion constant can be estimated from the Einstein relation:
Dc =
σ
e2ν(E)
, (2.31)
where ν(E) is the density of states. The density of states is related to the
energy E [21, 28, 74]:
ν(E) =
gvgs2pi|E|
h2v2F
, (2.32)
where gv is the two-fold valley degeneracy (gv = 2), gs is the spin degeneracy
(gs = 2), and vF is the Fermi velocity. In Eq. 2.32, the energy E still remains
unknown, however which can be obtained by combining Eq. 2.28 and the
following equation:
n(E) =
∫ E
0
ν(E)dE =
gvgspiE
2
h2v2F
. (2.33)
From Eqs. 2.31-2.33, the charge diffusion constant Dc can be derived, and
is
Dc =
σ
2e2
hvF√
gvgspin(E)
. (2.34)
Furthermore, the elastic mean free path lel can be estimated by:
lel =
2Dc
vF
, (2.35)
and also
lel = vF τp, (2.36)
therefore the momentum scattering time is obtained:
τp =
σ
e2
h
vF
√
gvgspin(E)
. (2.37)
Figure 2.11 shows the τp as a function of carrier density in the SLG device
A1-3-5 H [also see Fig. 2.10(c)]. Again note that the approach in Fig. 2.11 is
only valid at high carrier densities.
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Figure 2.11: Momentum scattering time as a function of carrier density in the
SLG device A1-3-5 H.
From Eq. 2.28, one can see when the applied gate voltage is equal to VD,
then the carrier density shrinks to zero. This could result in zero conductivity
at the Dirac point. However, zero conductivity has not been observed so far,
but a finite minimum conductivity at the Dirac point appears instead [71, 75].
A possible origin of the finite conduction at the Dirac point is from the carriers
induced by the (even very slight) doping or external potential, e.g., from
the SiO2 substrate [76] (suspended graphene is not discussed in this thesis).
From the theoretical predictions [73, 76, 77], the long-range (i.e., charged
impurities) scattering (or Coulomb scattering) time τcs ∼
√
n dominates over
the short-range scattering (from point defects and lattice dislocations) time
τss ∼ 1/
√
n, except in the extremely high carrier density regime [78]. For
example [71, 76], at carrier density of n ≈ nimp ≈5×1011 cm−2, the mean
free path for Coulomb scatterers lcs ≤50 nm and for short range scatterers
lss ≥ 1µm. Since in this thesis the length of graphene is always in the order
of micrometers, therefore the transport can be considered to be a diffusive
case. Considering the long-range scattering is dominant, and the Boltzmann
transport theory is applied here to calculate the minimum conductivity self-
consistently and give [71, 76, 79]:
σ ≈

20e2
h
n
nimp
20e2
h
n∗
nimp
for
for
n > n∗,
n < n∗,
(2.38)
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where n∗ represents the effective carrier density induced by the charged im-
purities, and nimp is the charged impurity density. From Eq. 2.38, the con-
ductivity is linearly proportional to n in the high carrier density regime, a
fact that is consistent with the experimental observation in Fig. 2.10 (d).
In the low carrier density regime, Eq. 2.38 gives σmin ≈ (20e2/h)(n∗/nimp),
which decreases as the density of charged impurity increases. Therefore, the
increase of impurity density leads to not only a lower carrier mobility at high
carrier densities (µ ∝ σ) but also a lower minimum conductivity at the Dirac
point. This theoretical prediction is consistent with the experimental data in
Ref. [72]. Note the approach in Eq.2.38 only considers the Coulomb scatter-
ing. Some theoretical predictions [77, 80] of the universal σmin =4e
2/pih has
not been observed so far. Possibly the effect due to nimp strongly varies σmin
from sample to sample [71]. On the other hand, in a very clean sample (very
low charged impurity density), the short-range scattering must be taken into
account. The σmin is then found to be ∼ 20e2/h [76], which has not been
observed yet because in this assumption the nimp is two orders of magnitude
lower than the present day samples. At last, the conductivity has no temper-
ature dependence in the range of 0-300 K because the Fermi temperature in
SLG is much higher than 300 K (i.e., T/TF  1) [22, 73, 81]. And this is in
nice agreement with the experimental data in this thesis (see Chapter 5) and
the work by S. V. Morozov et al. [22]. Note : the solutions for extracting the
carrier mobility at the Dirac point is still not clear up to the present.
2.3.2 Electronic properties of bilayer graphene
Unlike the linear dispersion of the energy near the K and K’ points in SLG,
bilayer graphene (BLG) has a parabolic dispersion near the Dirac point [23,
82], as shown in Fig. 2.12. Furthermore, the band gap in BLG can be opened
and tuned larger than 0.2 eV by applying an external gate bias [23, 83]. The
band gap does not have a minimum value at the K point, but near the K
point instead. Besides, the density of states ν(E) in BLG is also different
from that in SLG due to the offset, by the interlayer coupling energy, in the
concentric hyperbolas of the conduction and valence bands [84].
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Figure 2.12: Band structure of bilayer graphene near the K point (adapted from
Ref. [23]). The dashed lines represent the pristine band structure without gate
bias. And the solid lines show that the band gap is opened by an external gate
bias.
The density of states in BLG is [84]:
ν(E) =
2E + γ1
pi~2v2F
, (2.39)
where γ1 is the interlayer coupling energy. From Eqs. 2.31, 2.33, and 2.39,
the charge diffusion constant in BLG can be written:
Dc =
σ
e2
pi~vF√
4pin(E) +
γ21
~2v2F
. (2.40)
Figure 2.13 shows both the charge and spin diffusion constants as a function
of carrier density in BLG device X075 CD at room temperature. The spin
diffusion constant (blue squares) is extracted by fitting the Hanle precession
data. The charge diffusion constant (green curve) is derived by using Eq. 2.40.
The result indicates the two diffusion constants are close to each other, which
is also observed in SLG and few layer graphene (FLG) [20, 28, 34].
Figure 2.14(a) shows the BLG (device JB01 D) conductivity as a function
of carrier density at temperatures 2.3-300 K. The conductivity for bilayer
graphene is predicted as [81]:
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Figure 2.13: Carrier density dependence of charge and spin diffusion constants
in BLG device X075 CD. The blue squares represent the spin diffusion constants
extracted by fitting the Hanle spin precession data. The green curve represents the
charge diffusion constant derived from Eq. 2.40.
Figure 2.14: Temperature dependence of BLG (device JB01 D) conductivity.
(a) Graphene conductivity as a function of carrier density at temperatures 2.3 K
to 300 K. (b) Temperature dependence of the minimum conductivity at the Dirac
point. Inset: the theoretical prediction of temperature dependence of σmin (adapted
from Ref. [78]).
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Figure 2.15: Momentum scattering time as a function of carrier density in BLG
device JB01 D.
σ ≈

4e2
pih
n
nimp
4e2
pih
√
n0
nimp
for
for
n > n∗,
n < n∗,
(2.41)
where nimp is the charged impurity density, n
∗ is the effective carrier den-
sity induced by the charged impurities, and n∗ =
√
nimpn0. At high carrier
densities, the conductivity σ ∝ n/nimp. Although both BLG and SLG have
linear n dependence of σ at high carrier densities. However, the physical ori-
gins are different: in SLG only the Coulomb scattering is responsible to the
conductivity [76, 78], in BLG both the Coulomb scattering and short-range
scattering contribute to the conductivity [78, 81]. While near the Dirac point,
the non-zero σmin is also observed in BLG. The finite minimum conductivity
at the Dirac point is also generated by the charged impurities-induced inho-
mogeneous electron-hole puddles in the system [78, 85], as in the SLG case.
The conductivity at low carrier densities is as a function of charged impurity
density: σ ∝ 1/√nimp [81], which implies that the minimum conductivity is
larger in a cleaner sample. Another different characteristic for BLG is: the
temperature dependence of the conductivity is much stronger and more in-
sulating near the Dirac point than in the high carrier density regime. The
explanation is that when T/TF is not very small, the thermally excited carriers
could cause an effective temperature dependence of the conductivity, leading
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to an insulating behavior. For example, the Fermi temperature TF ∼ 120 K
near the Dirac point assuming the effective carrier density n∗ ∼2.5×1011cm−2,
and TF ∼ 1200 K while n ≈3.6×1012cm−2 [81]. Therefore, the thermally ex-
cited carriers only have influence at low carrier densities (strong temperature
dependence), and the influence is suppressed exponentially at high carrier
densities (weak temperature dependence) [78]. The temperature dependence
of σmin in the BLG [see Fig. 2.14(b)] shows excellent agreement with the
theoretical calculation by S. Adam et al. [81] and S. Das Sarma et al. [78]:
the minimum conductivity σmin ∝ T when T  TF .
At last, the momentum scattering time can be derived from the conduc-
tivity by using the Boltzmann transport theory:
τp =
σm∗
ne2
, (2.42)
where m∗ is the effective mass ≈ 0.033me (me is the mass of free electron)
[78, 81]. Figure 2.15 shows the momentum scattering time as a function
of carrier density in device JB01 D at room temperature. The momentum
scattering time in BLG and in SLG (see Fig. 2.11) has different carrier density
dependences, which might lead to different spin transport phenomena in BLG
and in SLG [28]. In this thesis, the study of the spin transport in BLG is
mainly emphasized through investigating BLG-based spin valve devices. The
SLG spin valve devices are also studied for comparison with the BLG system
and the previous works [20, 28, 52].
2.4 Spintronic properties of graphene
Graphene has high potential for spintronics applications due to its expected
long spin relaxation length and long spin relaxation time [28, 29]. The rea-
sons for graphene’s long spin relaxation time would be the weak hyperfine
interaction and weak intrinsic spin-orbit coupling. From the recent experi-
mental reports [28, 30, 34], the most relevant spin relaxation mechanisms in
graphene would be the D’yakonov-Perel’ and Elliott-Yafet mechanisms. In
this section, the importance of the D’yakonov-Perel’ and Elliott-Yafet mech-
anisms in graphene is discussed.
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2.4.1 Spin relaxation
Spins can be flipped while travelling in a non-magnetic material. That implies
the spin relaxation occurs due to the interaction between the spin and its
environment. There are four mechanisms related to the spin relaxation in
metals and semiconductors: the D’yakonov-Perel’, Elliott-Yafet, Bir-Aronov-
Pikus, and hyperfine interaction mechanisms.
The Bir-Aronov-Pikus (BAP) mechanism is important in heavily p-doped
semiconductors, particularly at low temperatures [47, 86]. The origin of the
spin relaxation in the BAP mechanism is the electron-hole exchange inter-
action. The induced fluctuating local magnetic fields cause the spin flip.
However, the theoretical work by J. Zhou and M. W. Wu [86] predicts that
the BAP mechanism is much less dominant compared to the D’yakonov-Perel’
mechanism in two-dimensional semiconductors at both low and high temper-
atures. Therefore, the BAP mechanism could be negligible in graphene.
The hyperfine interaction is the interaction between the nuclear magnetic
moment and electron’s magnetic moment [47]. If the electron wave functions
are confined within a certain distance by the nuclear spins, the hyperfine inter-
action can induce the spin relaxation and dephasing. Since only ∼1% carbon
atoms has magnetic moment, which comes from the isotope C13. Therefore,
the spin relaxation induced by the hyperfine interaction could be extremely
weak and negligible in graphene. The theoretical [87] and experimental [88]
works have shown that the expected spin relaxation time associated to the
hyperfine interaction in graphene could reach ∼10−5 s, which is much longer
than the observed τs so far (∼10−10-10−9 s) [20, 30, 34, 56]. Since the BAP
and hyperfine interaction mechanisms seem to be relatively minor for the spin
relaxation in graphene, in this thesis the importance of the D’yakonov-Perel’
and Elliott-Yafet mechanisms is focused.
2.4.2 D’yakonov-Perel’ mechanism
In the D’yakonov-Perel’ (DP) spin relaxation mechanism, the spins are flipped
due to the spin precessions between the scattering events [47]. During every
single momentum scattering, the spin can sense an effective magnetic field,
which is induced by the spin-orbit coupling and the lack of inversion symmetry
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Figure 2.16: The spin relaxation mechanism of (a) D’yakonov-Perel’ type: the
spin precesses randomly between two scattering events due to the spin-orbit cou-
pling induced effective fields. (b) Elliott-Yafet type: the spin flips with a finite
probability during each momentum scattering.
[47, 89], and change its spin orientation randomly, as in Fig. 2.16(a). As a
result, the spin relaxation time is inversely proportional to the momentum
scattering time, τDPs ∝ τ−1p . The temperature dependence of τDPs follows the
function τp(T ). For nondegenerate semiconductors: τ
DP
s (T ) ∝ T−3/τp(T ) ∝
T−9/2 while the momentum scattering is mainly due to the charged impurities
[47], i.e., τp(T ) ∝ T 3/2.
2.4.3 Elliott-Yafet mechanism
In the Elliott-Yafet (EY) mechanism, the electrons have a finite probability
to change the spin states during each scattering [see Fig. 2.16(b)] due to the
lattice ions-induced spin-orbit coupling in the environment [47]. The overall
spin-orbit interaction is the average of the spin up and spin down states,
therefore the Bloch states are not the eigenstates. The result is that the spin
relaxation time is proportional to the momentum scattering time, τEYs ∝ τp
[89]. The temperature dependence of τEYs for nondegenerate semiconductor
gives τEYs (T ) ∝ T−2τp(T ) ∝ T−1/2 , assuming that the momentum scattering
is mainly due to the charged impurities.
The discussions of how the spin relaxation mechanisms play the roles in the
III-V semiconductors systems indicates: (I) in bulk systems [47, 89, 90, 91, 92]:
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for n-type semiconductors, e.g., GaAs, InAs, InSb, the contribution from the
BAP mechanism is negligible. Generally (theoretically) the DP mechanism
dominates at high temperatures, then a transition to the dominant EY mech-
anism occurs below temperature ∼5 K. For p-type semiconductors, the BAP
mechanism dominates in heavily p-doped materials at low temperatures. In
the semiconductors with low p-doped, the DP mechanism is dominant over
the whole temperature range. (II) In two-dimensional systems: all four spin
relaxation mechanisms could be relevant, depending on the material, doping
concentration, and geometry [47]. In two-dimensional semiconductor systems,
not only the wave function is localized into two dimensions, but also the in-
trinsic magnetic fields induced from the Dresselhaus spin-orbit coupling (bulk
inversion asymmetry) and the Bychkov-Rashba spin-orbit coupling (structure
inversion asymmetry) can have contribution to the DP type of spin relax-
ation [47]. The dominant spin relaxation mechanism can be identified by:
(1) directly investigating the τp dependence of τs since it behaves quite dif-
ferently in the DP and EY mechanisms. (2) Examining the temperature
dependence of τs(T ) [93], which is τ
DP
s ∝ T−3τ−1p or τEYs ∝ T−2τp. (3) Ex-
amining the anisotropy of the spin relaxation time. If the DP mechanism is
dominant, due to Dresselhaus and/or Bychkov-Rashba spin-orbit coupling, a
strong anisotropic spin relaxation time is expected [47]. The out-of-plane spin
relaxation is twice as fast as the in-plane spin relaxation, 2τs⊥=τs‖.
To identify the dominant spin relaxation mechanism in graphene, partic-
ularly BLG in this thesis, the most straightforward solution is to examine the
correlation between the spin relaxation time and momentum scattering time
[28, 47]. In the EY mechanism, the spin relaxation time τEYs ∝ τp is opposite
to that in the DP mechanism, whereas the dependence is τDPs ∝ τ−1p . Thus, in
this work 17 BLG-based spin valve devices are collected and investigated into
the relationship between the spin relaxation time and charge carrier mobility
µ (µ ∝ τp) at 300 K and at 5 K, which will be further discussed in Chapter 4.
The previous study [28] about the spin transport in SLG at room tem-
perature found that the spin relaxation length is proportional to the diffusion
constant (see Fig. 2.17), λs ∝ D, which implies τs ∝ D because λs =
√
Dτs.
Thus τs ∝ τp since D ∼ 1
2
v2F τp. This result suggests that the dominant spin
relaxation mechanism in SLG at room temperature could be the Elliott-Yafet
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Figure 2.17: Spin relaxation length as a function of spin diffusion constant in
SLG at room temperature. Adapted from Ref. [28].
type. However, it is observed in this work that the D’yakonov-Perel’ type of
spin relaxation is dominant in BLG at both room temperature and 5 K.
2.4.4 Spin-orbit coupling
The spin-orbit coupling is an interaction created by the electric field around
the nuclei and a mobile electron. The electric field can affect the moving
electron and serve as a magnetic field, and hence randomize the electron’s spin
orientation then cause the spin relaxation. The intrinsic spin-orbit coupling
strength is proportional to the atomic number to the power of four (Z4),
and which is relatively small for carbon atoms (Z=6) and is expected to be
25-50 µeV in SLG [94] and 10-100 µeV in BLG [95]. The larger spin-orbit
coupling in BLG than in SLG is mainly due to the hopping of pi electrons to
the σ orbit of the other layer [95, 96]. Due to the small spin-orbit coupling,
long spin relaxation times (10−6 to 10−4 s) and long spin relaxation lengths are
expected in SLG. However, the recent experimental reports [20, 28, 30, 56]
demonstrated much shorter spin relaxation times (10−10 to 10−9 s). These
results imply that extrinsic effects, e.g., adatoms- and/or charged impurity-
induced spin-orbit coupling, might involve in the spin relaxation.
According to the theoretical prediction [31], when one considers the spin-
orbit coupling in a clean SLG, in the EY mechanism the spin relaxation
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time τEYs ≈
(vFkF )
2
∆2SO
τp. Here ∆SO = ∆curv + ∆ε is the dominant Rashba
spin-orbit coupling strength induced by the curvature and/or external electric
fields. Note in this model, the Dresselhaus spin-orbit coupling and adatom-
induced spin-orbit coupling are disregarded [31]. On the other hand, in the
DP mechanism the spin relaxation time τDPs ≈
1
∆2SO
τ−1p . Comparing τ
EY
s and
τDPs ,
τEYs
τDPs
≈ (vFkF )2τ 2p ≈ (kF lel)2, (2.43)
where lel is the elastic mean free path. Typically (kF lel)
2  1 [20, 31], there-
fore it is suggested that in the competition between the DP and EY mech-
anisms, the DP mechanism is more important than the EY mechanism in
SLG. Experimentally, the observation of the dominance of the EY mecha-
nism in SLG in Ref. [28] (see Fig. 2.17) gives a different conclusion. A
probable reason is that extra spin-orbit coupling could be induced by the
adatoms and enhance the EY mechanism [47]. However, the recent report in
Ref. [32] showed: decreasing the carrier mobility by depositing adatoms can
enhance the spin relaxation time in SLG. This result suggests that the DP
type of spin relaxation could be relatively as important as the EY mechanism.
Furthermore, the spin relaxation in graphene can be also related to the
charged impurities and remote surface phonons from the SiO2 substrate [29],
which could induce an effective Bychkov-Rashba spin-orbit coupling field. If
the charged impurities from the SiO2 substrate, optical surface phonons, and
acoustic phonons are considered, the resultant temperature dependent total
momentum relaxation time τtotal(T ) is [29]:
1
τtotal(T )
=
1
τimp(T )
+
1
τsph(T )
+
1
τac(T )
, (2.44)
where τimp, τsph, and τac are the momentum relaxation times due to the
charged impurities, surface phonons, and acoustic phonons , respectively. Fig-
ure 2.18(a) demonstrates the Monte Carlo simulation of the total momentum
relaxation rate 1/τtotal as a function of temperature with a Fermi energy of
EF=100 meV and an impurity density of nimp = 4 × 1011 cm−2 in single
layer graphene. The theoretical simulation [Fig. 2.18(a)] indicates that the
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Figure 2.18: The Monte Carlo simulations of (a) the momentum relaxation rate
as a function of temperature with a Fermi energy of EF=100 meV and with a
impurity density of nimp = 4× 1011 cm−2; and (b) spin relaxation time as a func-
tion of temperature with a constant EF=100 meV, and various impurity densities
nimp=4×1011 cm−2 (triangles) and nimp = 4 × 1012 cm−2 (squares). The above
simulations are based on a single layer graphene system. Adapted from Ref. [29].
momentum relaxation rate due to the charged impurities is dominant from
0 K to 400 K. The increase of the momentum relaxation rate due to the sur-
face phonons (acoustic phonons) with the rise of temperature is exponential
(linear), but still minor. Figure 2.18(b) shows the Monte Carlo simulation of
the spin relaxation time as a function of temperature with a constant Fermi
energy EF=100 meV, and different impurity densities nimp = 4 × 1011 cm−2
(triangles) and nimp = 4× 1012 cm−2 (squares). The solid curves are the fits
to
1
τs
= τtotal(T )[
2∆SO
~
]2, (2.45)
where ∆SO is the Bychkov-Rashba spin-orbit coupling strength. The spin
relaxation time is almost independent of temperature due to the nearly perfect
balance between the increase of the electric field and the decrease of the
momentum relaxation time with temperature. However τs is affected severely
by the density of impurities.
Relating the above theoretical predictions to the experimental results in
this thesis, the spin relaxation times in both BLG and SLG are indeed weakly
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dependent on the temperature, see Figs. 4.23 (BLG) and 5.4 (SLG). Esti-
mating the spin-orbit coupling strength by using Eq. 2.45, one of the SLG
devices (JB17) has ∆SO ∼73 µeV, which is higher than the theoretical pre-
diction (∼25-50 µeV) [97]. Additionally, in the CVD synthesized SLG device
A3-2-1 the ∆SO ∼137 µeV is nearly one order of magnitude higher. In the
BLG device JB01 D, the ∆SO ∼180 µeV (average ∆SO ∼140 µeV for 17 BLG
devices, see Fig. 4.18) is also higher than the theoretical values (∼10-100 µeV)
[95]. The higher spin-orbit coupling might be induced by metallic adatoms,
e.g., contaminant metal during the sample fabrication.
So far the dominant spin relaxation mechanism in graphene is not yet
very clear. Two most important mechanisms have been discussed recently,
which are the D’yakonov-Perel’ and Elliott-Yafet mechanisms [28, 29, 31, 32,
47]. However, these two mechanisms affect the spin relaxation behaviors in
opposite directions. In the DP mechanism, the spin relaxation time τDPs is
inversely proportional to the momentum scattering time, τDPs ∝ τ−1p . In the
EY mechanism, the spin relaxation time τEYs is proportional to the momentum
scattering time, τEYs ∝ τp. Therefore, the solution for enhancing the τs in
SLG, e.g., to increase the carrier mobility, could lead to a negative direction
for BLG. In this thesis, the importance of the D’yakonov-Perel’ mechanism in
BLG is revealed and would be helpful for enhancing the spin relaxation time
in BLG.
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Chapter 3
Experimental techniques
In this chapter, the process of the graphene-based spin valve device fabrication
and the electrical measurement techniques are described. First the graphene
flakes are deposited on SiO2/Si substrates by mechanical exfoliation or by
chemical vapor deposition (CVD) techniques. Next, the e-beam lithography
(EBL) is used to pattern the device structures. The Co/MgO films are de-
posited on the substrate in an UHV-MBE system, and then followed by the
standard lift-off procedure. An a.c. lock-in technique is applied for the electri-
cal experiments. All the electrical measurements are carried out in a vacuum
cryostat chamber. The graphene flakes and SiO2/Si substrates preparation,
Raman spectrum, optical contrast spectrum analyses, and e-beam lithogra-
phy are carried out by Prof. B. O¨zyilmaz’s group at National University of
Singapore, Singapore. The CVD synthesized graphenes are prepared by Prof.
B.-H. Hong’s group at Sungkyunkwan University, Korea. The AFM analysis,
thin films deposition, lift-off process, and electrical experiments are carried
out at RWTH Aachen.
3.1 Graphene preparation
In this thesis, the graphene flakes are prepared by either mechanical exfolia-
tion, also called ”scotch-tape method ”, or CVD process. In both synthesis
methods, the graphene flakes are deposited on SiO2/Si wafers. As shown in
Fig. 3.5, the highly doped silicon and the silicon dioxide layer in the spin
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Figure 3.1: (a) Optical contrast spectrum of SLG as a function of light wavelength
and the thickness of SiO2 substrate (adapted from Ref. [98]). Optical images of
SLGs prepared by (b) mechanical exfoliation and (c) CVD processes.
valve device serve as the back gate and the gate oxide, respectively.
3.1.1 Graphene from mechanical exfoliation
The first synthesis of single layer graphene flakes by mechanical exfoliation
was invented by A. Geim’s group in 2004 [19, 24]. In this work, this tech-
nique is applied to produce the graphene flakes. The graphite sheets are
peeled off from a graphite buck by adhesive tapes. Next the tape with several
graphite sheets is pressed against the SiO2/Si wafer then torn off. Several
pieces of graphene flakes are then deposited on the substrate, including single
layer graphene (SLG), bilayer graphene (BLG), few layer graphene (FLG),
and graphite films. The thicknesses of graphene flakes can be identified by
means of optical contrast spectrum [98, 99], Raman spectrum[100, 101, 102],
and atomic force microscope [103] (AFM). Among these three identification
techniques, the optical contrast spectrum is the simplest method for efficient
and accurate inspection. The thin graphene flake is sufficiently transparent
to induce an additional optical path, which changes the reflected light inten-
sity compared to the substrate (SiO2/Si wafer). The optical contrast C is a
function of the relative reflected light intensity on graphene (I1) and on the
substrate (I0):
C =
I0 − I1
I0
, (3.1)
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and the reflected light intensity on graphene can be written as [98, 99]:
I1 = |[r1ei(Φ1+Φ2) + r2e−i(Φ1−Φ2) + r3e−i(Φ1+Φ2) + r1r2r3ei(Φ1−Φ2)]
×[ei(Φ1+Φ2) + r1r2e−i(Φ1−Φ2) + r1r3e−i(Φ1+Φ2) + r2r3ei(Φ1−Φ2)]−1|2,
(3.2)
where r1 =
n0 − n1
n0 + n1
, r2 =
n1 − n2
n1 + n2
, r3 =
n2 − n3
n2 + n3
are the relative indices of
refraction, and n0, n1, n2, n3 are the refractive indices of air, graphene, SiO2,
and Si, respectively. Note that n2(λ) and n3(λ) are dependent on the light
wavelength λ, and n1 = 2.6 − 1.3i is independent of λ. Φ1 = 2pin1d1/λ and
Φ2 = 2pin2d2/λ are the phase shifts due to the changes in the optical path
through two medias, where d1 and d2 are the thicknesses of graphene and
silicon dioxide, respectively. From Eqs. 3.1 and 3.2, the relative contrast is
dependent on the light wavelength and the thickness of SiO2. Figure 3.1(a)
shows the optical contrast spectrum of SLG on the SiO2/Si substrate as a
function of light wavelength and SiO2 thickness. In this thesis, the thickness
of SiO2 is 285 nm. Therefore under this condition, the strongest contrast
occurs when the light is in the green light range (λ=490-570 nm). By using a
green light filter, one can easier find SLGs under optical microscope with naked
eyes, as shown in Figs. 3.1(b) and (c). However, the visibility of graphene
relies strongly on the experience of the user. By applying this optical contrast
spectrum technique, one can also distinguish the number of graphene layers.
Figure 3.2(a) shows the number of graphene layers dependence of optical
contrast [99]. In the green light range, the thicknesses of graphene flakes
can be sufficiently distinguished. Furthermore, the optical contrast can be
also affected by the intensity of the incidence light. Figure 3.2(b) shows
the contrast as a function of background light intensity, and note that the
incidence light is in the green light range as well. The contrast reduces as the
light intensity increases. One can clearly distinguish two groups of contrast,
in which the upper group indicates the BLGs, and the lower group indicates
the SLGs. A further confirmation of the number of layers can be carried out
by using the Raman spectrum.
Raman spectrum is the most reliable nondestructive identification of sin-
gle layer and bilayer graphene. Figure 3.3 shows the Raman spectra of a SLG
[Figs. 3.3(a) and (b)] and a BLG [Figs. 3.3(c) and (d)] from two samples
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Figure 3.2: Optical contrast spectrum of graphene on the SiO2 (285 nm)/Si
substrate. (a) Optical contrast spectrum as a function of number of graphene
layers (adapted from Ref. [99]). (b) Optical contrast as a function of background
light intensity. The upper group corresponds to the bilayer graphene, and the lower
group corresponds to the single layer graphene.
in this work. The two most important characteristics of graphene are the
G-band at ∼ 1580 cm−1 and the 2D-band at ∼ 2700 cm−1 [101, 104]. The
G-band is originated from the doubly degenerate E2g mode (phonon mode) at
the Brillouin zone center [101, 104]. The 2D-band is originated from the sec-
ond order Raman scattering process and is sensitive to the number of layers,
which can be explained by the double-resonance (DR) process [100, 101, 104].
In single layer graphene, the 2D-band is a single peak and is symmetric to the
peak center. In bilayer graphene, the interaction of intralayer causes the split-
ting of pi and pi∗ bands into four bands. This induces four processes involving
phonons with four different momenta. And due to the strong phonon disper-
sion near the K point, the wave vectors of phonons have different frequencies.
They result in four different peaks in the Raman spectrum, as shown in Fig.
3.3(d). These four peaks are 2D1B-band, 2D1A-band, 2D2A-band , and 2D2B-
band. From the single peak or four subpeaks in the 2D-band in the Raman
spectrum, one is able to distinguish a SLG from a BLG.
The optical contrast spectrum and the Raman spectrum are very convinc-
ing techniques for identifying the thickness of graphene. However, they are not
44
3.1. GRAPHENE PREPARATION
Figure 3.3: Raman spectra of (a), (b) SLG and (c), (d) BLG. Both SLG and
BLG have G-band (∼1580 cm−1) and 2D-band (∼2700 cm−1) peaks. (b) 2D-band
of SLG is a single peak (the red curve is a Lorenzian fit). (d) 2D-band (red) of BLG
contains four components (green), which are 2D1B-band, 2D1A-band, 2D2A-band ,
and 2D2B-band (from left to right). The red and green curves are Lorentzian fits.
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Figure 3.4: Tapping mode AFM images of (a) a bilayer graphene (sample BIL04)
and (d) a single layer graphene (sample CT162). The graphene surface in (a) is
nonuniform and has a second layer graphene. (b) and (c) are the line-scan profiles
corresponding to the green and blue lines in (a), respectively. The z-heights between
two red arrows are 0.99 nm and 0.52 nm in (b) and (c), respectively. The graphene
in (d) is inhomogeneous and covered with small clusters. (e) Cross-section view of
the graphene in (d).
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able to resolve the surface morphology. AFM is an ideal solution for surface
morphology analysis. Figure 3.4 shows the tapping (non-contact) mode AFM
(Dimension 3100 SPM, Veeco) images of graphene flakes. From the AFM
image in Fig. 3.4(a) (sample BIL04), the morphology clearly indicates that
the flake is not a uniform bilayer graphene but a partial single layer graphene,
although the flake is identified as a bilayer graphene by the optical contrast
spectrum. The graphene flake in Fig. 3.4(d) (sample CT162) is identified as
a single layer graphene by the Raman spectrum and optical contrast. How-
ever, one can see some small clusters cover on the surface from the top-view
and cross-section-view [Fig. 3.4(e)] AFM images. Although AFM is the most
direct method to characterize graphene, it may induce some damage to the
crystal lattice during the measurement. In addition, due to the different in-
teraction (i.e., van der Waals force) between tip-to-graphene and tip-to-SiO2,
an instrument offset ∼0.5 nm always exists [99]. This offset is already larger
than the thickness of monolayer graphene (0.34 nm) [99, 103]. For example,
the line-scan profile of the graphene flake in Fig. 3.4(c) shows that the step
height from the SiO2 substrate to the SLG surface is ∼0.52 nm instead of 0.34
nm. The step height of ∼0.99 nm in Fig. 3.4(b) confirms the thicker part on
this flake is BLG. Although AFM is not reliable for determining the number
of graphene layers, it is perfect for morphology analysis.
3.1.2 Graphene from chemical vapor depostion
Production of single layer graphene by CVD was first proposed by K. S.
Kim et al. in 2009 [33]. The wafer-scale SLG films can be synthesized on a
transition metal substrate by thermal decomposition of hydrocarbons [5, 6, 7,
33] then transferred to another substrate, e.g., silicon wafers. In this thesis,
copper is used as the catalyst for the CVD process, and methane (CH4) is the
carbon source precursor. First the copper substrate is annealed up to 1000 ◦C
in hydrogen atmosphere in a furnace tube, then a gas mixture of methane
and hydrogen is introduced into the furnace. After certain reaction time, the
gas flow is paused and the substrate is quenched to room temperature. The
graphene films are formed on the copper substrate and ready to be transferred.
A thermal release tape is pasted on the graphene films, afterward the copper
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Figure 3.5: (a) Graphene-based spin valve device fabrication process flow. The
thin MgO film is deposited on graphene, and then the four-terminal structure is
patterned by means of EBL. Afterwards the cobalt films are deposited and followed
by a standard lift-off process. The spin valve devices with (b) globally deposited
MgO and (c) locally deposited MgO films.
is chemically etched. Next paste the tape on the SiO2/Si wafer and anneal to
∼120 ◦C, then the tape is decomposed and the graphene films are deposited
on the wafer. The graphene can be later patterned into different shapes by
means of EBL and oxygen ion etching techniques. Figure 3.1(c) shows an
optical image of a CVD synthesized SLG after the EBL patterning and ion
etching.
3.2 Spin valve device fabrication
In this thesis, the graphene-based spin valve devices are fabricated on the
highly doped silicon wafers with 285 nm thick thermal oxidized SiO2. The
graphene flakes are prepared by micromechanical exfoliation or CVD process.
After the graphene flakes are deposited on the substrate, two different pro-
cedures are taken. One is to globally deposit an MgO film above the whole
graphene layer in an UHV-MBE system, then use the EBL technique to pat-
tern the device structures, as shown in Figs. 3.5(a) and (b). In the EBL
process, the e-beam resist polymethyl-methacrylate (PMMA) type 950K is
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Figure 3.6: A multichamber UHV-MBE system used in this work. The MgO and
Co films are deposited in the metal-MBE chamber.
first spin coated on the substrate with rotation speed 4000 rpm for 80 sec-
onds, resulting in a 300 nm thick resist film. After the spin coating, the resist
is baked at 180 ◦C for 2 minutes on the hot plate to remove the solvent.
Next, expose the resist under an electron beam with a designed pattern by
an e-beam writer. The acceleration voltage of electron beam is 30 kV. Then
develop the e-beam resist in the developer solution (MIKB:IPA=3:1). Only
the exposed area will be developed and removed exclusively.
Following the e-beam lithography, Co is deposited in an UHV-MBE sys-
tem. After the deposition of Co films, the wafer is immersed in warm acetone
(40 ◦C) for 20-30 minutes to dissolve PMMA, and then rinsed in isopropanol
(IPA) and dried by N2 gas. The other fabrication process is: pattern the de-
vice structures by EBL first, then deposit MgO and Co sequentially, the MgO
films are only locally presence under the Co electrodes, as shown in Fig. 3.5(c).
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The UHV-MBE system used to deposit MgO and Co films is shown in Figure
3.6. The base pressure in the metal-MBE chamber is ∼2×10−10 mbar, and
the operation pressure is ∼10−8 mbar. The deposition rate of MgO is about
0.007 nm/s, and 0.015 to 0.020 nm/s for Co deposition. The typical thick-
nesses of the MgO films in this thesis are 1.5 to 2.0 nm, and 30 nm for the
Co films. All the deposition process is carried out at room temperature.
3.2.1 MgO deposition
The MgO films in the devices in this work are used as the barriers between
the Co electrodes and graphene to combat the conductivity mismatch. The
requirements of the MgO films are: (I) thin enough to ensure the electric
current is able to flow through; and (II) homogeneous and no big pinholes to
avoid the direct contact between Co and graphene. The first MgO deposition
parameter optimization is carried out on the SiO2/Si substrates. The major
parameters for the MgO deposition are: (1) post-annealing temperature and
(2) substrate temperature during the deposition. The results of Sample 1
[Fig. 3.7(a)], Sample 2 [Fig. 3.7(b)], and Sample 4 [Fig. 3.7(d)] suggest the
higher post-annealing temperature can help to reduce the surface roughness.
The reason is that the annealing can enhance the surface diffusion and recov-
ery, thus improve the smoothness. However, an annealing temperature higher
than 300 ◦C can induce the grain growth and grain aggregation, which might
induce the MgO film into clusters on the substrate [105]. Furthermore, com-
paring Sample 3 [Fig. 3.7(c)] and Sample 4 [Fig. 3.7(d)], which suggest that
the higher substrate temperature leads to the rougher surface. A higher sub-
strate temperature increases the surface diffusion rate during the deposition,
and the molecules can segregate and form larger grains right after being de-
posited on the substrate. Therefore, the resultant film deposited on the higher
temperature substrate has more inhomogeneous surface and higher roughness.
In this work, the typical thicknesses of the MgO films are 1.5 to 2 nm since
1 nm thick film could be discontinuous on the graphene surface. Figure 3.8
shows an AFM image of a 1 nm thick MgO film deposited on BLG surface
(sample G05-31-05) with post-annealing at 100 ◦C for 60 minutes. The MgO
film segregates into small clusters on the BLG surface and the MgO grain
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Figure 3.7: MgO deposition optimization test on SiO2/Si substrates. The 1 nm
thick MgO films are deposited on the room temperature [(a), (b), (d)] and 60 ◦C
[(c)] substrates. The in-situ post-annealing is carried out at 100 ◦C [(a)] and 200 ◦C
[(b)] for 60 minutes.
sizes are between 50 to 200 nm.
Figure 3.9 shows the AFM morphology analysis of the actual effect of the
post-annealing on the MgO film. The images in the left column, Figs. 3.9(a),
(c), (e), and (g), represent the SLG (sample G02-31-05) on the SiO2/Si sub-
strate at low magnifications. The images in the right column, Figs. 3.9(b),
(d), (f), and (h), are the high magnification images. The rms (root mean
square) surface roughnesses in Fig. 3.9 are (b) 0.189 nm, (d) 0.208 nm,
(f) 0.329 nm, and (h) 0.221 nm. The post-annealing treatment at 200 ◦C
for one hour, Fig. 3.9(h), can indeed improve the surface uniformity, as the
previous observation in Fig. 3.7. The purpose of the pre-annealing (200 ◦C
for 1 hour), Fig. 3.9(d), before the MgO deposition is to degas the substrate
to make the sample cleaner.
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Figure 3.8: AFM image of the MgO film deposited on a BLG (sample G05-31-05).
The MgO film is deposited in 1 nm thick and with post-annealing at 100 ◦C for 60
minutes.
3.2.2 Device layout design
Figure 3.10 shows the typical layouts of the devices in this thesis. In Fig.
3.10(a) (sample CT85-1), the 12 contact pads link to 12 electrodes in the
graphene device. To simplify the process, the entire structure is patterned and
then deposited with cobalt in the same procedure. The aluminum bonding
wires are bonded by means of a wedge bonder (Wire Bonder HB06, TPT) to
connect the contact pads and the chip carrier.
For the spin valve device purpose, the coercive fields (Bc) of the spin
injector and detector must be different, so that one is able to manipulate the
magnetization configurations of the injector and detector between parallel and
antiparallel. One can achieve this by applying the AMR effect [13, 44]. The
longitudinal magnetoresistance of a Co wire due to the AMR effect is [13]:
R(φ) = R⊥ + ∆R cos2(φ), (3.3)
where φ is the angle between the magnetization in the Co wire and the elec-
tric current direction, R⊥ is the minimum resistance, and ∆R is the ab-
solute resistance change. The magnetoresistance reaches to the minimum
value at the coercive field where the magnetization direction of the Co wire
is normal to the current flow direction. Therefore, the Bc can be obtained
through measuring the magnetoresistance. Figure 3.11 shows the magne-
toresistance measurements of Co wires, which are fabricated on SiO2/Si sub-
strates. Fig. 3.11(e) shows the magnetoresistances of Co wires with the same
dimensions of length×thickness (20×0.04 µm) and various widths (500 and
1000 nm). One can see the coercive fields of the Co wires reduce with the
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Figure 3.9: AFM images of a 1.5 nm thick MgO film deposited on a SLG at
low magnifications (left column) and high magnifications (right column). The rms
roughnesses of the MgO films are (b) 0.189 nm, (d) 0.208 nm, (f) 0.329 nm, and
(h) 0.221 nm. (a) and (b) represent the graphene’s initial state. (c) and (d) rep-
resent the graphene surface after the pre-annealing at 200 ◦C for 1 hour. (e) and
(f) represent the MgO surface after the deposition. (g) and (h) represent the MgO
surface after the post-annealing at 200 ◦C for 1 hour.
Figure 3.10: SEM images of (a) sample CT85-1 and (b) sample BIL06.
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Figure 3.11: AMR effect experiments of Co wires. SEM images of Co wires
in (a) structure A and (b) structure B. The Co wires have dimensions of
(a) 20×0.5×0.03 and (b) 10×0.5×0.03 (L×W×H) µm. (c) and (d) are the magne-
toresistances of Co wires in structure A and structure B, respectively. (e) Magne-
toresistances of Co wires with the same length×thickness (20×0.04 µm) and various
widths (500 and 1000 nm). The measurement shown in (e) is a different sample
from the ones in (c) and (d).
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increase of the wire widths. Therefore if the widths of the spin injector and
detector are different, one is able to manipulate only one of them to switch
its magnetization direction at certain magnetic field. Thus the magnetization
configuration turns from parallel to antiparallel (or vice versa), and the spin
valve behavior can be observed. In Figs. 3.11(a) and (b), the Co wires are
in different structures, here named structure A and structure B, respectively.
The dimensions of the Co wires in structure A and B are 20×0.5×0.03 and
10×0.5×0.03 (L×W×H) µm, respectively. In structure A, two 90◦ corners are
introduced between the Co wire and the source (I+) or drain (I−) electrode.
The width of the extension lines are the same as the Co wire. On the other
hand, in structure B the Co wire connects to the source and drain electrodes
directly. Figures 3.11(c) and (d) show the longitudinal magnetoresistances of
the Co wires in structure A and B, respectively, which are both measured 11
iterations. It is found by introducing the 90◦ corners, the Bc is more repro-
ducible. The possible reason is that these corners can avoid (or filter) the
magnetization propagation from the large Co structures, e.g., the Co contact
pads and wider Co metal lines. Thus as shown in Fig. 3.10(b) (sample BIL06),
several 90◦ corners are always built between the wide Co metal lines and the
electrodes in the spin valve device.
3.3 Electrical measurement set up
The electrical measurements are carried out in a vacuum cryostat system
(CF1200 dynamic LT, Oxford Instruments) together with a magnetic field
generator (B-E 20s, BRUKER). The entire set up is shown in Fig. 3.12.
The base pressure in the sample chamber is ∼2×10−2 mbar. The chamber
can be annealed up to 350 K by a heater built in the cryostat chamber and
cooled down to 1.5 K in liquid helium environment. Figure 3.12(b) shows the
electronic equipments for the electrical measurements and Fig. 3.12(c) shows
the sample holder for the cryostat chamber. The sample is embedded in the
sample holder and can be annealed by a built-in heater. The temperature
of the sample is monitored by a temperature controller (332 Temperature
Controller, Lakeshore). The a.c. lock-in measurement technique is used to
detect the spin valve signals, as shown in Fig. 3.13. The typical a.c. current
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Figure 3.12: (a) Cryostat system for the spin transport experiment in this work.
(b) Electronic equipments, including a current source, a lock-in amplifier, Keithley
multimeters, temperature controllers, and a magnetic field generator. (c) Sample
holder for the cryostat chamber.
Figure 3.13: Schematic drawing of the electronic set up connection. The spin
signals are measured by the standard a.c. lock-in technique. The gate voltage can
be applied through the highly doped silicon back gate.
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from 5 µA to 20 µA with low frequency (below 100 Hz) is applied for the
spin valve experiments. The potential difference between the V+ and V−
electrodes is probed by the current source device and amplified by 103 times,
then sent back to the a.c. lock-in amplifier (Model 5210 Lock-in Amplifier,
EGΣG PARC). The d.c. back gate voltage can be applied by a voltage source
(2400 SourceMeter, Keithley) from −210 V to +210 V. The gate leakage
current is typically lower then 1 nA when the gate voltage VG ≤ 100 V.
57
3.3. ELECTRICAL MEASUREMENT SET UP
58
Chapter 4
Electric spin injection and spin
relaxation in bilayer graphene1
In this chapter, the experimental results of the spin injection into bilayer
graphene and the spin transport behaviors at room temperature and at 5 K
are presented. The spin polarized electric current is injected from the spin
injector into BLG via a thin MgO barrier. Applying gate voltages can tune
the type, density, and momentum scattering time of the charge carrier, which
is helpful for characterizing the spin relaxation mechanisms in BLG.
4.1 Spin injection into bilayer graphene at room
temperature
The injection of the spin polarized current into graphene via a thin AlOx bar-
rier was first reported in 2007 [20]. Instead of using the AlOx barriers, in this
work MgO films are used as the barriers to combat the conductivity mismatch
[32, 52, 106] between the Co electrodes and graphene. In the devices in this
thesis, the typical 1.5 to 2 nm thick MgO films are deposited between the
graphene and Co electrodes. Two types of MgO barriers are fabricated in
these devices: (1) globally deposited MgO barriers (global MgO) and (2) lo-
cally deposited MgO barriers (local MgO), as shown in Figures 4.1(a) and (b).
1T.-Y. Yang et al., Phys. Rev. Lett. 107, 047206 (2011).
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Figure 4.1: Schematic drawings of graphene spin valve devices with (a) a globally
deposited MgO barrier (global MgO) and (b) locally deposited MgO barriers (local
MgO). (c) SEM image of a BLG-based spin valve device (sample A035) with a
global MgO barrier.
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The motivation of these two types of fabrication processes is to understand
the effect of the MgO films which cover the graphene layer. The coverage of
the MgO film above graphene could increase the density of charged impurity,
which may (i) induce more Coulomb scattering and thus lower the carrier mo-
bility [73, 76, 77], (ii) induce the extra Bychkov-Rashba spin-orbit coupling
field and hence accelerate the spin relaxation rate [29].
Figure 4.1(c) shows an SEM image of a BLG-based spin valve device (sam-
ple A035) with a global MgO barrier. In this device, 11 Co electrodes are
fabricated. Therefore at least 8 junctions for the four-terminal non-local mea-
surement are available if a pair of neighboring electrodes is selected as the
spin injector and detector. The entire spin valve device is fabricated on the
SiO2/Si substrate. The highly doped Si (ρ < 0.005 Ωcm) serves as the back
gate electrode in the device, and the 285 nm thick SiO2 is used as the gate
oxide.
4.1.1 Bilayer graphene resistance
Prior to investigating the spin transport, the charge transport in BLG is
first examined. The experiment of the graphene resistance as a function of
gate voltage is carried out by means of four-terminal measurement technique,
as shown in Figure 4.2(a). A constant a.c. current, typically 1 µA, is ap-
plied from the electrode E1 to E4 through the graphene, and the voltage
drop between the electrodes E2 and E3 is probed. Figure 4.2(b) shows the
measurement of gate voltage dependence of graphene resistance (Rgraphene) of
device JB01 D. The maximum resistance locates at the Dirac neutrality point
(VD=−8 V). On the right (left) side of the Dirac point, the graphene is in
the electron (hole) conduction regime. The shift of the Dirac point from 0 V
(in extremely clean graphene) to −8 V might be due to the electronic n-type
doping by the externals, e.g., gas [107], adatoms [108], and electrode contacts
[109]. As observed, all the BLGs in this thesis, both with global and local
MgO films, are n-doped. Since the experiment is carried out in a vacuum
chamber, the chemical doping by gas, such as H2O or NH3 [107], is negligi-
ble. Therefore, the electronic doping could be mainly caused by the Co/MgO
electrodes, but not by the global MgO films. The n-doping induced by the
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Figure 4.2: (a) Schematic drawing of the four-terminal graphene resistance exper-
iment. (b) Measurement of BLG (device JB01 D) resistance as a function of gate
voltage at room temperature. (c) Conductivity of device JB01 D as a function of
gate voltage. The red lines are linear fits.
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Figure 4.3: Carrier density dependence of conductivities of all BLG devices in
this thesis.
Co/MgO contacts is also observed in Refs. [32, 52, 106]. The conductivity of
graphene (σgraphene) can be estimated from the resistance:
σgraphene =
1
Rgraphene
× L
W
, (4.1)
where L and W are the length of graphene [separation between the electrode
E2 and E3, as shown in Fig. 4.2(a)], and the width of graphene, respectively.
Figure 4.2(c) shows the conductivity of device JB01 D as a function of gate
voltage. By applying Eqs. 2.29 and 2.30, the charge carrier mobility can be ex-
tracted from the diagram of the conductivity versus gate voltage, µ =
∆σ
Cg∆V
.
For example, this device JB01 D has mobilities of 1.4 × 103 cm2/Vs in the
electron conduction regime, and 0.5 × 103 cm2/Vs in the hole conduction
regime. The asymmetry between the electron and hole mobilities are gen-
erally observed in all the devices in this thesis. Among all of the BLG de-
vices, the mobilities in the electron conduction regimes are in the range of
0.2-7×103 cm2/Vs, and are always higher than those in the hole conduction
regimes in every individual device.
Figure 4.3 shows the BLG conductivity as a function of carrier density of
all the BLG devices is this thesis. A sublinearity is observed in samples hav-
ing higher carrier mobilities. The explanation is: in BLG, both short-range
and Coulomb (i.e., charged impurity) scattering involve in the charge trans-
port. In low mobility samples, the density of charged impurity is relatively
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large, therefore the Coulomb scattering is dominant and the conductivity is
expected to be σ ∝ n [73, 78, 81] (also see Sec. 2.3.2). In high mobility
samples, the lower charged impurity density makes the short-range scattering
asymptotically important. The contribution from the short-range scattering
is σ ∝ nα, where α <1 [72, 78]2. As a result, at very high carrier densities
(n ≥ 2.5× 1012 cm−2), the sum of the contributions from both the Coulomb
and short-range scattering is presented in σ ∝ nβ, and hence the sublinear
behavior (β < 1) appears.
4.1.2 Bilayer graphene spin valve device with global
MgO barriers
As mentioned previously, two types (with global or local MgO barrier) of BLG
spin valve devices are fabricated in this work in order to realize how the MgO
film above the BLG layer affects the charge and spin transport. If the MgO
films on top of graphene have effects, then the carrier mobility and/or the
spin relaxation time will show apparent differences. The experimental results
of BLG devices with global MgO barriers are first presented, and the devices
with local MgO films are presented in Sec. 4.1.3.
In order to obtain the pure spin current, the four-terminal non-local mea-
surement technique is applied [20, 42], as shown in Fig. 2.3. The charge
current and the spin current are separated in the non-local geometry. As
explained in Sec. 2.1.2, bipolar spin signals are observed while sweeping the
magnetic field back and forth (positive→negative→positive). Figures 4.4(a),
(b), and (c) show the spin valve experiments at various gate voltages in the
BLG device JB01 D, which has a 2 nm thick global MgO barrier. The gate
voltages in Figures 4.4 are VG= (a) +12 V, (b) −8 V (at the Dirac point),
and (c) −28 V, i.e., the graphene is n-type, neutral, and p-type, respectively.
The change of the non-local resistance between the parallel and antiparallel
magnetizations of the injector and detector is defined as the spin valve signal
∆Rsv. Figures 4.4(d), (e), (f) show the Hanle spin precession experiments
2The theoretical prediction in Ref. [78] suggests α <1 for short-range scattering in SLG
and α =1 in BLG. However if α =1, which can not explain the sublinear behavior of σ at
high carrier densities.
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Figure 4.4: Four-terminal non-local spin valve measurements of the BLG spin
valve device JB01 D (with global MgO) at various gate voltages at room temper-
ature. The gate voltage VG= (a) +12 V, (b) −8 V (at the Dirac point), and (c)
−28 V. Hanle precession measurements at VG= (d) +12 V, (e) −8 V, and (f) −28 V.
The blue (black) circles represent the non-local resistance as a function of Bz while
the magnetizations of the injector and detector are parallel (antiparallel). The red
curves are the fits to Eq. 2.18
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at the corresponding gate voltage to the left column. In Figs. 4.4(d) to (f),
the blue (black) spheres represent the non-local resistance as a function of Bz
when the magnetizations of the injector and detector are parallel (antipar-
allel). The red curves are the fits of the data to Eq. 2.18 [32, 43]. The
non-local resistance difference between the parallel and antiparallel magne-
tization configurations at Bz=0 is defined as ∆Rprec. Comparing the spin
valve and Hanle spin precession measurements, it is expected that ∆Rsv and
∆Rprec match each other, and which is shown in Fig. 4.5(b). In Fig. 4.5(b),
while measuring ∆Rsv as a function of gate voltage, first the magnetizations
of the injector and detector are set to be parallel, then the non-local resis-
tance Rnl,↑↑ is measured with a gate voltage sweep. Next, applying the same
method with antiparallel magnetization configuration, and measuring Rnl,↑↓.
Then ∆Rsv = Rnl,↑↑ − Rnl,↑↓ is obtained. Note : the background noises in
Figs. 4.4(d) to (f) are subtracted.
From the fits of the Hanle spin precession data, the important spin trans-
port quantities, such as the spin relaxation time (τs) and diffusion constant
(D) [42, 43], are extracted. Furthermore the spin relaxation length can be
deduced by using λs =
√
Dτs, and the spin injection efficiency P can be
estimated from the equation:
∆Rnl =
P 2Rsqλs
W
exp(− L
λs
). (4.2)
For example, in Fig. 4.4(d), the spin relaxation time τs ≈135.4 ps and
the diffusion constant D ≈ 0.00323 m2/s, thus the spin relaxation length
λs ≈0.661 µm and the spin injection efficiency P ≈4.89 %. Figure 4.5
shows device JB01 D’s graphene resistivity, spin relaxation time, diffusion
constant, spin relaxation length, and spin injection efficiency as a function
of gate voltage at room temperature. In Fig. 4.5(a), the Dirac point locates
at VG=VD=−8 V, as indicated by the green line. From Eqs. 2.29-2.30: the
charge carrier density n ∝ |VG − VD|, which says the charge carrier density
increases as the gate voltage increases (or decreases) from the Dirac point.
Thus both the spin relaxation time and diffusion constant increase with the
increase of the carrier density. The spin relaxation length also scales with the
carrier density since the λs is a function of the τs and D. The asymmetry
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Figure 4.5: (a) BLG (device JB01 D) resistivity as a function of gate voltage at
room temperature. (b) Spin signal ∆Rnl as a function of gate voltage, the blue
curve represents ∆Rsv measured with a continuous sweep of gate voltage. The
red circles are extracted from the Hanle spin precession measurements (∆Rprec).
Gate voltage dependence of (c) spin relaxation time, (d) diffusion constant, (e)
spin relaxation length, and (f) spin injection efficiency. The green line indicates
VD = −8 V.
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of the spin transport in the electron and hole conduction regimes is probably
originated from the asymmetric charge carrier mobilities in the electron and
hole conduction regimes, and which is expected from the graphene resistivity
measurement [28, 52].
In the previous work by C. Jo´zsa et al. [28], the diffusion constant depen-
dence of spin relaxation length was examined to determine the dominant spin
relaxation mechanism. The proportional D dependence of λs (see Fig. 2.17)
suggests the dominance of the Elliott-Yafet mechanism (i.e., τs ∝ D ∝ τp)
in SLG. However, a more straightforward method is to directly examine the
relationship between the momentum scattering time and the spin relaxation
time. Assuming that the graphene is in the Boltzmann transport regime (i.e.,
at high carrier densities), the momentum scattering time can be estimated by
applying τp = σm
∗/ne2, where σ is the conductivity of graphene, m∗ is the
electron effective mass in BLG and is 0.033me [81], n is the carrier density,
and e is the electron charge. Fig. 4.6(a) shows the carrier density dependence
of the momentum scattering time extracted from device JB01 D [Fig. 4.5(a)].
As the carrier density increases away from the Dirac point, the τp decreases.
This result is consistent with the carrier density dependence of τp at 5 K (see
Sec. 4.2) and the magnetotransport study by M. Monteverde et al. [110].
In the D’yakonov-Perel’ mechanism, the spin relaxation time is inversely pro-
portional to the momentum scattering time (τs ∝ τ−1p ). Oppositely, in the
Elliott-Yafet mechanism the spin relaxation time is proportional to the mo-
mentum scattering time (τs ∝ τp). Figure 4.6(b) shows the τs as a function of
τp in the electron conduction regime, the inverse correlation suggests the rel-
evance of the DP mechanism. In addition, the diffusion constant dependence
of spin relaxation time is also examined, as shown in Fig. 4.6(c). The linear
fit [red line in Fig. 4.6(c)] has intersection τs=120.3 ps at D=0, which im-
plies the possible existence of the EY mechanism [28, 34]. The above results
indicate the coexistence of the DP and EY mechanisms in BLG. In order to
determine the dominance between the DP and EY mechanisms, the carrier
density dependence of the product of the spin relaxation time and momentum
relaxation time (τsτp), and the ratio of the spin relaxation time to momentum
relaxation time (τs/τp) are further investigated, as shown in Fig. 4.6(d). The
product τsτp is a constant and the ratio τs/τp increases with the increase of the
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Figure 4.6: (a) Carrier density dependence of momentum scattering time of device
JB01 D. (b) Spin relaxation time as a function of momentum scattering time in the
electron conduction regime. The red curve is the fit to τs ∝ τ−1p . (c) The diffusion
constant dependence of spin relaxation time in the electron conduction regime. The
red line is a linear fit. (d) The blue dots represent the product of the spin relaxation
time and momentum scattering time (τsτp) as a function of carrier density, and the
green squares represent the ratio τs/τp. The blue and green lines are linear fits.
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carrier density. This observation suggests that the dominant spin relaxation
mechanism in BLG is more likely the DP type. So far the analysis is only
valid for high carrier density regimes. The phenomenon near the Dirac point
will be discussed in Sec. 4.1.3.
Figure 4.7 shows the carrier density dependences of (a) graphene conduc-
tivity, (b) spin relaxation time, (c) diffusion constant, and (d) the product
τsτp and the ratio τs/τp of the BLG devices which have global MgO barriers.
It is found that in these devices: (1) the conductivity is linearly proportional
to the carrier density (σ ∝ n) at high carrier densities [Fig. 4.7(a)]. (2)
The momentum scattering time decreases with the increase of carrier density
[inset in Fig. 4.7(a)]. (3) Generally, the spin relaxation time and diffusion
constant increase with the increase of carrier density [Figs. 4.7(b) and (c)],
except device JB01 A. (4) Fig. 4.7 (d) shows that the analyses of the carrier
density dependences of the product τsτp and the ratio τs/τp may be ambigu-
ous for determining the dominant spin relaxation mechanism. Taking devices
JB01 B and BIL06 D for example. In JB01 B (in blue and green circles),
both the product τsτp and the ratio τs/τp are very weakly dependent on the
carrier density. In BIL06 EF (in solid spheres), both τsτp and τs/τp are not
constant. Therefore one is unable to determine either the DP mechanism or
the EY mechanism is dominant.
From the above (Fig. 4.6), it is not clear why the τs has different depen-
dence on τp and D from different approaches. However, directly analyzing
the link between the momentum scattering time and spin relaxation time can
provide more convincing evidence. A general momentum scattering time (or
carrier mobility, µ ∝ τp) dependence of spin relaxation time can elucidate
the dominant spin relaxation mechanism. Therefore, a large quantity of BLG
spin valve devices need to be investigated into their charge and spin transport
behaviors. In this thesis, 17 BLG devices were fabricated and studied, and
the results are presented in Sec. 4.1.3.
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Figure 4.7: BLG spin valve devices with global MgO barriers. (a) Carrier density
dependence of graphene conductivity. Inset: the carrier density dependence of
momentum scattering time. The colors correspond to the devices in (a)-(c). The
carrier density dependence of (b) spin relaxation time and (c) diffusion constant.
(d) The blue icons represent the product of the spin relaxation time and momentum
scattering time (τsτp) as a function of carrier density, and the green icons represent
the ratio τs/τp. The blue and green lines are linear fits.
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Figure 4.8: (a) Four-terminal non-local spin valve and (b) Hanle spin precession
experiments of the BLG device X075 CD, which has local MgO barriers. The gate
voltage in these experiments is zero. The spin relaxation time extracted from the
Hanle precession data is ≈ 156 ps.
4.1.3 Graphene spin valve device with local MgO bar-
riers
The other type of BLG spin valve device rather than the one described in
Sec. 4.1.2 is fabricated. By changing the fabrication process, the MgO films
are deposited locally underneath the Co electrodes, called local MgO barriers,
as shown in Fig. 4.1(b). It is expected that the graphene with local MgO
barriers might have higher carrier mobility than the one which has a global
MgO barrier if the MgO films could induce extra charged impurities. And
the spin relaxation time might be higher due to less spin-orbit coupling which
is induced by the charged impurities. A further advantage of the fabrication
with local MgO barriers is that the sequential deposition of MgO and Co
could avoid the contamination from the residual e-beam resist at the Co/MgO
interface, which is crucial for the spin injection.
Figure 4.8 shows the spin valve and Hanle precession experiments of the
BLG device X075 CD, which has local MgO barriers. The thickness of the
MgO barrier is 2 nm, and 30 nm thick for the Co electrodes. By fitting
the Hanle precession data (note the background signals are removed), the
τs ≈156.02 ps, and D ≈ 0.094 m2/s are deduced. Thus the spin relaxation
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Figure 4.9: (a) Carrier density dependence of BLG (device X075 CD) conduc-
tivity. Device X075 CD has local MgO barriers and the Dirac point locates at
VD=−50 V. (b) Spin relaxation time and (c) diffusion constant as a function of
carrier density. In (c), the blue squares represent the values extracted from the
Hanle spin precession experiment data. The green curve represents the charge
diffusion constant calculated by applying Eq. 2.40.
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Figure 4.10: (a) Momentum scattering time dependence of spin relaxation time
of the BLG device X075 CD (with local MgO barriers) at room temperature. The
red curve is a fit to τs ∝ τ−1p (b) Carrier density dependence of the product τsτp
and the ratio τs/τp.
length λs ≈3.84 µm, and the spin injection efficiency P ≈3.35 % are derived.
It is worth mentioning that the above quantities are comparable to the BLG
devices which have global MgO barriers. The graphene conductivity, spin re-
laxation time, and diffusion constant as a function of carrier density are also
investigated in this type of device. From the graphene conductivity measure-
ment [Fig. 4.9(a)], the carrier mobilities in the electron and hole conduction
regimes are estimated to be µe = 3.7×103 cm2/Vs and µh = 0.4×103 cm2/Vs,
respectively. Figs. 4.9(b) and (c) show the carrier density dependences of τs
and D. Again it is observed that both the spin relaxation time and diffusion
constant have minimum values at the Dirac point. And both of them increase
with the increase of carrier density. The trend of τs as a function of carrier
density is the same as that in device JB01 D (with a global MgO barrier).
The green curve in Fig. 4.9(c) represents the theoretical estimation of the
charge diffusion constant by applying Eq. 2.40. The experimental data show
that the spin diffusion constant is close to the charge diffusion constant, which
is also observed in SLG in Ref. [28].
In order to confirm whether the dominant spin relaxation mechanism in the
BLG device with local MgO barriers is the same as the one with global MgO
barriers (i.e., the DP mechanism), the correlation between τs and τp is as well
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examined. Figure 4.10(a) shows the momentum scattering time dependence
of spin relaxation time. As the momentum scattering time increases, the spin
relaxation time decreases. In addition, the carrier density dependence of the
product τsτp is weaker than that of the ratio τs/τp, see Fig. 4.10(b). The
results suggest that the dominant spin relaxation mechanism in BLG device
with local MgO barriers could be the DP type too. The positive correlation of
τs on carrier density is observed in all of the BLG devices in this thesis (either
with global MgO or with local MgO barriers). From these two types of devices
having different fabrication processes, there is no significant indication to show
whether the global and local MgO films are critical for the charge and spin
transport properties (see Fig. 4.12). Therefore, the global or local MgO films
might not make major influences on the carrier mobility and spin relaxation.
To have a more statistical identification of the spin relaxation mechanism
in BLG, one should also investigate the correlation between the spin trans-
port and the electronic quality (i.e., carrier mobility) [28, 31]. Therefore, in
this thesis 17 BLG spin valve devices with various carrier mobilities are fab-
ricated and characterized. Among these samples, the most remarkable one
is the device named BIL06 D, which has long spin relaxation time ∼2 ns at
room temperature. This is the first graphene device which shows nanosec-
ond spin relaxation times at room temperature. Figure 4.11(a) shows the
SEM image of sample BIL06. BIL06 has a 2 nm thick global MgO bar-
rier and 10 Co electrodes, therefore there are seven potential junctions for
the four-terminal non-local spin valve experiment. However, only junction D
(BIL06 D) and junction E+F (BIL06 EF) showed spin signals. Figure 4.11(e)
shows a Hanle precession measurement of junction BIL06 D at gate voltage
VG=+40 V. Note the background signals of the measurement in Fig. 4.11(e)
are subtracted, and the red curves are the fits to Eq. 2.18. The spin relax-
ation time in Fig. 4.11(e) is ≈1925 ps, the diffusion constant D ≈0.0003 m2/s,
and the spin relaxation length λs ≈0.71 µm. Another notable feature of sam-
ple BIL06 is that this bilayer graphene flake is nonuniform [AFM analysis is
shown in Fig. 4.11(b)], and which causes a dual local maximum distribution
in the graphene resistance as a function of gate voltage, as shown in Fig.
4.11(c). Therefore there are two local Dirac points. Taking junction BIL06 D
[Fig. 4.11(c)] for instance, the two Dirac points locate at VD1=−50 V and
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Figure 4.11: (a) SEM image of the BLG spin valve sample BIL06, which has a
global MgO barrier. (b) AFM image of the BLG flake BIL06. Inset: high resolution
AFM image of BIL06. (c) Gate voltage dependences of graphene resistances of
junctions BIL06 D and BIL06 EF. (d) Gate voltage dependence of conductivity of
junction BIL06 D. The dual Dirac points in BIL06 D locate at VD1=−50 V and
VD2=0 V. (e) Hanle spin precession experiment of junction BIL06 D at VG=+40 V.
The spin relaxation time is≈1925 ps. (f) Gate voltage dependence of spin relaxation
time in BIL06 D.
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Figure 4.12: Carrier mobility dependence of spin relaxation time in BLG at
carrier density ne = 1.5 × 1012 cm−2 at room temperature. The red line is the
fit to τs = αµ
−1. The hollow circles represent the spin relaxation times of the
corresponding devices at various carrier densities, where the carrier mobilities are
derived from the derivatives of the conductivity.
VD2=0 V. While estimating the carrier densities and carrier mobilities be-
tween these two Dirac points, the graphene is determined to be in the electron
conduction regime when −50 V<VG <−14 V (Region II), and be in the hole
conduction regime when −14 V<VG <0 V (Region III). The carrier mobili-
ties for the electron (Region I and III) and hole (Region II and IV ) conduc-
tion regimes are µh,I ∼580 cm2/Vs, µe,II ∼300 cm2/Vs, µh,III ∼40 cm2/Vs,
µe,IV ∼1000 cm2/Vs. In addition, the same as the observation in the other
BLG devices: the spin relaxation time has a minimum value at the Dirac
point. In this device BIL06 D, there are two local minimum spin relaxation
times in the vicinity of the two Dirac points.
So far the longest spin relaxation time (∼2 ns) in BLG is observed in
the device BIL06 D (see Fig. 4.11), which has relatively low carrier mobility.
This result surprisingly implies the dominant spin relaxation mechanism in
BLG might be the DP mechanism rather than the EY mechanism in SLG
[28] and FLG [34]. Figure 4.12 shows the carrier mobility dependence of spin
relaxation time at a constant carrier density ne = 1.5× 1012 cm−2 in the elec-
tron conduction regime from a collection of 17 devices in 6 samples. Among
these six samples, including those have global or local MgO barriers, some of
them have more than one junction available for the spin valve experiments.
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Figure 4.13: BLG spin relaxation time at the Dirac point as a function of min-
imum conductivity at room temperature. The red and black lines are the fits to
τs=γσ
η
min, where η=−1.26 and −2, respectively.
In Fig. 4.12, each color represents one sample, and each data point repre-
sents one device (junction). Within these BLG devices, the charge carrier
mobilities vary from ∼200 to 7000 cm2/Vs, and the spin relaxation times dis-
tribute from ∼2 to 0.03 ns. The red line is the fit to τs = αµ−1, where α is
a constant. Here it is clearly seen that the spin relaxation time is inversely
proportional to the carrier mobility (τs ∝ µ−1), hence the spin relaxation time
is inversely proportional to the momentum scattering time (τs ∝ µ−1 ∝ τ−1p ).
This is consistent with the previous observation in every individual device (see
Figs. 4.6 and 4.10). The above result again suggests that the spin relaxation
in BLG is dominated by the DP mechanism [28, 31, 47], and is different from
the previously reported major spin relaxation mechanism in SLG (EY type)
[28, 34]. Note: in Fig. 4.12, the hollow circles represent the spin relaxation
times of the corresponding devices at various carrier densities as indicated.
The positive carrier density dependence of spin relaxation time is generally
observed in each device.
Furthermore and interestingly, similar to the mobility dependence of spin
relaxation time. An inverse dependence of spin relaxation time on the min-
imum conductivity (σmin) is observed, as shown in Fig. 4.13. The red and
black lines are the fits to τs = γσ
η
min, where γ is a constant. The σmin de-
pends strongly on the density of charged impurity (nimp) and is predicted to
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Figure 4.14: Carrier mobility dependence of spin relaxation length in BLGs at a
constant carrier density ne=1.5×1012 cm−2. The red line is a linear fit.
be σmin ∝
√
1/nimp [81]. In addition, the conductivity at high carrier den-
sities is inversely proportional to the charged impurity density, σ ∝ 1/nimp
[81]. Therefore, if the DP mechanism is dominant, it is expected to observe
the spin relaxation time τs ∝ µ−1 ∝ σ−2min. However, from the experimen-
tal data in Fig. 4.13, the parameter η is −1.26 instead of −2. Nevertheless,
the inverse σmin dependence of τs suggests the D’yakonov-Perel’ type of spin
relaxation is also dominant near the Dirac point at room temperature.
Figure 4.14 shows the carrier mobility dependence of spin relaxation length
at a constant carrier density ne = 1.5×1012 cm−2. The spin relaxation length
is a function of the diffusion constant and spin relaxation time, λs=
√
Dτs. The
higher carrier mobility leads to the larger diffusion constant since D ∝ σ ∝ µ
(see Eqs. 2.29 and 2.40). However, the higher carrier mobility results in
the shorter spin relaxation time (τs ∝ µ−1) under the dominance of the
D’yakonov-Perel’ type of spin relaxation mechanism. The resultant spin re-
laxation length is expected to be a constant. Therefore the observed carrier
mobility independence of spin relaxation length again confirms the DP mech-
anism is dominant in BLG.
The probable sources inducing the spin relaxation in DP mechanism are:
(1) the local field induced by the intrinsic giant spin-orbit coupling in BLG
(due to the interlayer hopping of pi electrons [95, 96]), where the spin re-
laxation rate is greatly dependent on the spin-orbit coupling: 1/τs∝∆2SO
[29, 47]. (2) The temperature dependent random spin-orbit coupling in-
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duced by the surface phonons and charge impurities [29, 31, 111], where
τs ∝ 1/τp,total ∝ [1/τimp(T ) + 1/τph(T )]. The overall spin relaxation rate
1/τs ∝ τp,total∆2SO. It is predicted in SLG, the momentum scattering time
decreases with temperature, however the spin-orbit coupling increases with
temperature [29]. As a result, the nearly perfect balance makes the spin re-
laxation time weakly dependent on temperature. The spin transport in BLG
as a function of temperature is next investigated to find whether the weak
temperature dependence is also observed in bilayer graphene, see Sec. 4.2.
4.1.4 MgO barrier
The purpose of the MgO films between graphene and Co electrodes is to
solve the conductivity mismatch, and thus achieve the spin injection into
graphene. It has been first reported that the spin polarized current can be
injected into SLG via ultra thin AlOx barriers [20]. Instead of AlOx barriers,
in this work MgO is used as the barriers. It is expected that the coherent
tunneling transport through MgO can provide high spin polarization [60, 61,
62, 63, 64, 65]. Hence by using MgO barriers, one is able to enhance the
magnitude of spin signals (∆R). So far the largest spin valve signal observed
in SLG is 130 Ω by using a MgO tunnel barrier[66], which is much larger than
by using AlOx barriers [20, 28]. This result suggests that the MgO barriers
could be more ideal for graphene spin valve devices. The MgO films in this
work are deposited in an UHV-MBE system. The typical thicknesses of the
MgO barriers are 1.5 to 2 nm. Figure 4.15 shows a cross-section transmission
electron microscopy (TEM) image of a Co (35 nm)/MgO (2 nm)/SLG/SiO2
stacked structure in sample X028 (also see Fig. 2.7). Note that the single layer
graphene is barely visible under this resolution. An in-situ post-annealing
at 200 ◦C for 60 minutes is performed after the deposition to enhance the
surface smoothness and homogeneity. However the post-annealing process
can be only done for the devices having global MgO films. For the devices
with local MgO films, the high temperature treatment can deform the pre-
patterned structures, because the developed PMMA is thermally stable only
up to 120 ◦C. Therefore in the fabrication process of the devices with local
MgO barriers, the post-annealing procedure is skipped.
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Figure 4.15: Cross-section TEM image of a Co/MgO/SLG/SiO2 stacked structure
in sample X028. The MgO and Co films are 2 nm and 35 nm thick, respectively.
To achieve the spin injection into graphene, some theoretical reports sug-
gest to use tunnel contacts as a solution [36, 37, 38, 39]. It has been experi-
mentally demonstrated that the tunnel barriers can significantly enhance the
spin injection efficiency [66]. However, the tunnel contacts are not necessar-
ily required [20, 30, 66]. Interfaces with pinholes or transparent interfaces
can also sufficiently reduce the conductivity mismatch. To investigate the
property of the Co/MgO/graphene interfaces in this work, the three-terminal
measurement technique is applied, as shown in Figs. 4.16(a): 3D cross-section
drawing and (b): resistor model. In Figure 4.16, Rwire,1,2,3 represent the resis-
tances of the Co electrodes, Rc,1,2,3 are the contact resistances, and Rg,1,2 are
the graphene resistances. In the 3-terminal measurement, the electrode resis-
tance Rwire,2 are also measured together with the contact resistance Rc,2, and
this is not avoidable. However, the resistance of the Co electrode is usually
much lower than the contact resistance, Rwire,2≤100 Ω, and can be neglected.
In order to characterize the interfaces, the temperature dependence of contact
resistance is measured. Figure 4.17 shows the contact resistance as a function
of temperature of global (sample BIL06) and local (sample X078) MgO bar-
riers. The thicknesses of the MgO barriers in Fig. 4.17 are both 2 nm. From
the temperature dependence of contact resistance, one can see some of the
interfaces show insulating behaviors, which have higher resistances at lower
temperature. And some interfaces show metallic properties. The contact re-
sistances vary from about 0.3 kΩ to 20 kΩ. These results indicate that the
MgO barriers are not perfectly homogeneous and reproducible. Nevertheless,
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Figure 4.16: (a) 3D cross-section schematic drawing of the three-terminal contact
resistance measurement. (b) Resistor model of the three-terminal measurement.
Rwire,1,2,3 represent the resistances of the metal electrodes, Rc,1,2,3 are the contact
resistances, and Rg,1,2 are the graphene resistances.
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Figure 4.17: Measurements of the interface contact resistance as a function of
temperature of the graphene devices with 2 nm thick (a) global (sample BIL06)
and (b) local (sample X078) MgO barriers. The contact resistance measurements
are performed by using three-terminal technique.
it is found when the contact resistances are higher than the graphene resis-
tances but lower than 100 kΩ, then the spin injection into graphene can be
achieved.
Another important issue is that whether the global and local MgO barriers
can make any influences on the charge and spin transport properties? Figure
4.18 shows the spin-orbit coupling strength (∆SO) and carrier mobilities of
the BLG devices which have global (blue color) and local (green color) MgO
barriers. The spin-orbit coupling strength is obtained by using [29]:
1
τs
= (
2∆SO
~
)2τp. (4.3)
The spin relaxation times are applied from Fig. 4.12, and τp are from the cor-
responding devices. From the carrier mobility distribution, there is no such
a trend to prove that the global MgO barriers which cover the BLG surfaces
could induce higher charged impurity density and thus lower the carrier mobil-
ity. Secondly, the spin-orbit coupling is not significantly enhanced or reduced
from global MgO to local MgO barriers. Therefore, so far the conclusion of
the influences on the charge and spin transport due to the structural global
and local MgO barriers are negligible.
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Figure 4.18: Spin-orbit coupling strength ∆SO and carrier mobility in BLG de-
vices. The blue (green) squares represent the devices having global (local) MgO
barriers.
4.2 Spin transport in bilayer graphene at low
temperature
Next, the spin transport in BLG at low temperature is further investigated to
see whether the temperature dependence of spin relaxation time in BLG is as
predicted as in SLG [see Fig. 2.18(b)]. While proceeding the low temperature
experiments, the sample is immersed in liquid helium during the electrical
measurements. Figure 4.19 shows the spin valve and Hanle spin precession
experiments of device X075 CD at 5 K at VG=−80 V. In Fig. 4.19(a), multi-
switch in this spin valve measurement is observed. This multi-switch is possi-
bly due to the geometry of the four electrodes in the non-local structure. The
widths of the electrodes are 350 nm (E1), 1050 nm (E2, injector), 1010 nm
(E3, detector), and 300 nm (E4). The spacings between the electrodes are
1100 nm (E1 to E2), 1260 nm (E2 to E3), and 610 nm (E3 to E4). Assuming
the initial (all magnetizations of the electrodes are parallel) non-local resis-
tance (Rnl) between E3 and E4 is R0. While the magnetic field sweeps from
−100 mT to +30 mT, the magnetization of E2 switches first, then the injec-
tor and detector have antiparallel magnetization configuration, and the Rnl
drops down to R1 (R1 < R0). As the magnetic field increases to +40 mT,
E3 also switches its magnetization direction, and the non-local resistance in-
creases to a higher value R2 (R0 < R2). Until the magnetic field goes up to
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+75 mT, the outer electrode E4 also switches its magnetization direction, and
the system is back to the parallel magnetization state (Rnl = R0). In order
to avoid the multi-switch, one can improve by: (1) using non-ferromagnets
as the outer electrodes. However, this requires one more e-beam lithography
process. Or (2) increasing the spacing between the detector (E3) and the
outer electrode (E4), thus the spin density can decay to a negligible level in
such a long distance (i.e., R2 ≈ R1). In device X075 CD, the initial state
(By=+100 mT) is defined as the parallel magnetization configuration of the
injector and detector, and the first switch (By=−30 to −50 mT) is as the an-
tiparallel state. Then it is able to determine the spin signals in the spin valve
(∆Rsv) and proceed the Hanle spin precession experiments, as indicted in
Fig. 4.19. Figure 4.19(b) shows a Hanle precession experiment at VG=−80 V.
By fitting the data to Eq. 2.18, the spin relaxation time τs ≈98.4 ps and
the diffusion constant D ≈0.0124 m2/s, and thus the spin relaxation length
λs ≈1.1 µm are obtained. Note: the multi-switch in device X075 CD is also
observed at VG=−80 V at room temperature, which is shown as the green
curve in Fig. 4.19(a). However, it is not observed at zero gate voltage at room
temperature [see Fig. 4.8(a)]. The gate dependence of multi-switch is not
well understood so far.
Figure 4.20(a) shows device X075 CD’s graphene resistivity as a function
of gate voltage at 5 K. The Dirac point locates at VD=−40 V, as indicated by
the gray line. In order to understand the spin relaxation behavior, the Hanle
spin precessions are measured at various gate voltages, both in the electron
and hole conduction regimes and then analyzed. Fig. 4.20(b) shows the spin
relaxation time and momentum scattering time as a function of gate voltage.
Interestingly, the carrier density dependence of τs changes from a positive
correlation at room temperature to a negative correlation at 5 K. The spin
relaxation time has a maximum at the Dirac point and decreases while in-
creasing the carrier density. These opposite carrier density dependences of
τs at room temperature and at 5 K implies the dominant spin scattering
mechanism could somehow change from the D’yakonov-Perel’ type to a dif-
ferent type. Applying the same analysis method as at room temperature (see
Sec. 4.1). Figure 4.21(a) shows the product τsτp (in blue) and ratio τs/τp
(in green) as a function of carrier density, note the data are extracted from
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Figure 4.19: Four-terminal non-local measurements of (a) spin valve and (b) Hanle
spin precession of the BLG device X075 CD at 5 K. The widths of the electrodes
are 350 nm (E1), 1050 nm (E2, injector), 1010 nm (E3, detector), and 300 nm
(E4). The spacings between the electrodes are 1100 nm (E1 to E2), 1260 nm (E2
to E3), and 610 nm (E3 to E4). The gate voltage in these spin valve and Hanle
precession experiments is VG=−80 V. The green curve in (a) represents the spin
valve experiment at VG=−80 V at 300 K.
Figure 4.20: (a) Measurement of BLG (device X075 CD) resistivity as a function
of gate voltage at 5 K. (b) Gate voltage dependences of spin relaxation time (blue
squares) and momentum scattering time (red hollow circles). The Dirac point
locates at VD=−40 V.
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Figure 4.21: (a) Carrier density dependences of product τsτp (blue color) and ratio
τs/τp (green color) in device X075 CD at 5 K. (b) Carrier mobility dependence of
spin relaxation time at carrier density ne = 1.5× 1012 cm−2 at 5 K. The red line is
the fit to τs = βµ
−1.
device X075 CD in Fig. 4.20. As shown in Fig. 4.21(a), both τsτp and τs/τp
have weak dependences on carrier density, which do not allow one to clearly
identify the dominant spin relaxation mechanism by this approach. However,
one can again examine the correlation between τs and the carrier mobility in
the high carrier density regimes. As at room temperature, a collection of 8
BLG devices with various carrier mobilities from 700 cm2/Vs to 3000 cm2/Vs
are investigated into their spin relaxation times at a constant carrier den-
sity ne=1.5×1012 cm−2, as shown in Fig. 4.21(b). The red line is the fit to
τs = βµ
−1, where β is a constant. The result (τs ∝ µ−1) indeed suggests that
the DP type of spin relaxation also dominates in BLG at high carrier densities
at 5 K. The dominance of the DP mechanism in BLG at low temperatures is
also observed in Ref. [56]. Furthermore, another indication of the DP type
of spin relaxation is the inverse minimum conductivity (σmin) dependence of
τs. Figure 4.22 shows the τs at the Dirac point as a function of σmin. How-
ever, unlike at room temperature, τs shows no τs ∝ σηmin (η < 0) dependence
at 5 K. One possible explanation for the invalidity of τs ∝ σηmin (η < 0) at
5 K is that there is a spin relaxation mechanism other than the DP type in-
volved in the vicinity of the Dirac point, e.g., the EY mechanism. Assuming
the spin relaxation mechanism near the Dirac point is a competition between
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Figure 4.22: BLG spin relaxation time at the Dirac point as a function of the
minimum conductivity at 5 K.
the DP and EY mechanisms (i.e., 1/τs = 1/τ
DP
s + 1/τ
EY
s ). If the scattering
is mainly due to charged impurities, then the temperature dependences of
the spin relaxation rate are: 1/τEYs ∝T1/2 and 1/τDPs ∝T9/2 [47]. Therefore,
as the temperature decreases, the contribution from the EY mechanism be-
comes more and more important. In the DP mechanism the spin relaxation
time τDPs ∝ σ−2min [81], and τEYs ∝ σ2min in the EY mechanism. As a result, the
spin relaxation time τs is weakly dependent on σmin because the two opposite
dependences cancel each other. The relevance of the Elliott-Yafet mechanism
(τs ∝ τp) might also explain the carrier density dependence of spin relaxation
time in individual device, see Fig. 4.20(b).
Figure 4.23(b) shows the spin relaxation time as a function of carrier
density at various temperatures, from 300 K to 5 K. A transition of carrier
density dependence of spin relaxation time from 300 K to low temperatures
is observed. At room temperature, the τs increases with the increase of the
carrier density, and the trend becomes opposite when the temperature goes
down below 200 K. The temperature dependence of τs in Fig. 4.23(c) implies
that this transition could occur at ∼250 K (better data of temperature depen-
dence of spin relaxation time is presented in Chapter 6). Therefore the EY
mechanism might become relevant below 200 K. The carrier density depen-
dence of graphene resistivity at various temperatures is shown in Fig. 4.23(a).
The strong temperature dependence of resistivity near the Dirac point is very
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Figure 4.23: (a) Graphene resistivity and (b) spin relaxation time as a function
of carrier density at various temperatures, from 300 K to 5 K. (c) Spin relaxation
time and (d) spin relaxation length as a function of temperature at various gate
voltage: VG=VD, VD±10 V, VD±20 V, and VD±30 V.
different from that in SLG (see Chapter 5). The insulating behavior near the
Dirac point might be caused by the existence of a finite density of thermally
excited carriers near the Dirac point in BLG [22, 81] (also see Sec. 2.3.2).
Figure 4.23(d) shows the spin relaxation length as a function of tempera-
ture. The λs has a minimum at the Dirac point in the temperature range of
300 K to 5 K. From Eq. 2.40 one can see the diffusion constant is a func-
tion of conductivity and carrier density (D∝ σ√
n+ a
, where σ, n, and a are
the conductivity, carrier density, and a constant, respectively). The diffusion
constant always has a minimum value at the Dirac point at each temperature
point. Due to the variation magnitude of D is much larger than τs’s, there-
fore the D dominates in the product (Dτs). Thus the λs(=
√
Dτs) also has a
minimum value at the Dirac point. Furthermore, from the weak temperature
dependence of spin relaxation time [see Fig. 4.23(c)], the influences from the
charged impurity-induced spin-orbit coupling and the phonons might be not
significant in BLG system as expected in SLG system [see Fig. 2.18(b)].
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4.3 Summary of the chapter
The BLG is deposited on the SiO2/Si substrate, then the spin valve device
in four-terminal non-local geometry is fabricated. In order to investigate
the dominant spin relaxation mechanism in BLG, the correlation between the
spin transport and electronic properties are mainly examined, particularly the
spin relaxation time (τs) and the carrier mobility (µ). 17 BLG devices from
6 different samples are collected and performed the gate voltage dependence
of graphene resistance, spin valve, and Hanle spin precession measurements.
Long spin relaxation times of ∼2 ns at room temperature are observed in one
of the BLG devices and which are the first observation of nanosecond spin
relaxation times in graphene. In addition, it is discovered that in BLG the
spin relaxation time is inversely proportional to the charge carrier mobility
(τs ∝ µ−1) at room temperature. This result suggests that the dominant spin
relaxation mechanism in BLG is the D’yakonov-Perel’ type, which is different
from the conclusions in SLG in Ref. [28] (EY type).
Next the temperature dependences of the spin and charge transport prop-
erties in BLG are examined. It is found that the BLG resistivity in the vicinity
of the Dirac point increases while decreasing the temperature. The insulating
behavior might be due to the decrease of the thermally excited carriers. From
the spintronics point of view, the correlation between the τs and µ is again
investigated at 5 K. Interestingly, the general behavior of DP type of spin
relaxation (i.e., τs ∝ µ−1) still dominates at high carrier densities. However,
near the Dirac point, the DP and EY mechanism could be equally important.
Furthermore, the carrier density dependence of τs is positive correlative at
room temperature and becomes negative correlative while the temperature
decreases, and the transition occurs at about 250 K. These observations im-
ply that the dominant spin relaxation mechanism has a transition from the
DP type to the DP-EY-co-governed type at low temperatures. However, the
origins of this transition need to be further investigated and clarified.
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Chapter 5
Spin transport in single layer
graphene
In this chapter, the spin relaxation behaviors in SLG are studied in order to
investigate the principle differences of the spin transport properties between
bilayer and single layer graphene. By using the same analysis techniques and
methods as in Chapter 4, the SLG-based spin valve devices are fabricated and
characterized at room temperature and at 5 K.
5.1 Spin transport in single layer graphene
In this work, the spin polarized current is injected from the cobalt electrode
into SLG via thin local MgO barriers. The single layer graphene is deposited
on the SiO2/Si substrate by using the mechanical exfoliation method. After-
wards the non-local spin valve structures are patterned by means of e-beam
lithography technique. The MgO and cobalt films are deposited sequentially
in the UHV-MBE system, and then the self-aligned spin valve device is fab-
ricated after the standard lift-off process, as shown in Fig. 3.5(c). Since it is
found that the charge and spin transport properties show no significant differ-
ences between the BLG devices which have global and local MgO barriers, and
the production yield is higher when using local MgO barriers (possibly due
to the residual e-beam resist at the Co/MgO interfaces is avoided). There-
fore, the SLG devices in this thesis are all fabricated with local MgO barriers.
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Figure 5.1: Four-terminal non-local (a) spin valve and (b) Hanle spin precession
measurements of the SLG device EGP01-3 A at VG=0 V at room temperature.
The SLG is deposited on a SiO2/Si substrate by using the mechanical exfoliation
technique. The red curves in (b) are the fits to Eq. 2.18.
Figure 5.1(a) shows a typical spin valve experiment of a SLG device at room
temperature. The spin valve signal in this device EGP01-3 A is ∆Rnl ∼8 Ω.
Figure 5.1(b) shows the Hanle spin precession measurement of device EGP01-
3 A at zero gate voltage, where the carrier mobility is ∼5.5×103 cm2/Vs. By
fitting the Hanle precession data, the spin relaxation time τs ≈120.37 ps, the
diffusion constant D ≈0.0735 m2/s are obtained, and thus the spin relaxation
length λs ≈0.94 µm is derived. The above spin transport quantities are the
typical values for SLG compared with the previous reports [20, 32, 106].
Figure 5.2(a) shows the SLG (device JB17) graphene resistivity (Rsq) as
a function of back gate voltage at room temperature (blue curve) and at 5 K
(green curve). Unlike the BLG [see Figs. 2.14(a) and 4.23(a)], in SLG the
resistivity near the Dirac point does not increase at 5 K compared to that at
300 K. The gate voltage dependences (i.e., carrier density dependences) of spin
relaxation time at 300 K (blue spheres) and at 5 K (green spheres) are shown in
Fig. 5.2(b). The spin relaxation time increases as the carrier density increases
both at 300 K and at 5 K. This carrier density dependence of spin relaxation
time at 5 K is different from that in BLG. In bilayer graphene, the τs decreases
as the carrier density increases at low temperatures (≤200 K). To identify
the major spin relaxation mechanism in SLG, the same analysis methods
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Figure 5.2: Measurements of (a) graphene resistivity (Rsq) and (b) spin relaxation
time as a function of gate voltage at room temperature and at 5 K. This SLG device
is device JB17.
as in Chapter 4 are applied: examining (1) the momentum scattering time
dependence of spin relaxation time; and (2) the carrier density dependence
of the product τsτp and the ratio τs/τp. Figures 5.3(a) and (b) show the τp
dependence of τs at 300 K and at 5 K, respectively. At both temperatures, the
relaxation times have neither proportional (τs ∝ τp) nor inversely proportional
(τs ∝ τ−1p ) dependence on momentum scattering time. Furthermore, Figs.
5.3(c) and (d) show the τsτp and τs/τp as a function of carrier density at
300 K and at 5 K, respectively. As a result, both the τsτp and τs/τp are not
constant. Thus it is unable to determine either the EY mechanism or the
DP mechanism is dominant. However, one should keep in mind that the DP
mechanism could co-exist with the EY mechanism in SLG. The conclusion
in Ref. [28] (the EY mechanism is dominant in SLG) is different from the
observation in this work, which might be due to the quality from sample to
sample. In addition, the spin relaxation time as a function of temperature
is further investigated to confirm whether there is also a transition of carrier
density dependence of τs in SLG, as the observation in BLG [see Fig. 4.23(c)].
Figure 5.4 shows the temperature dependences of spin relaxation time,
diffusion constant, and spin relaxation length in the SLG device JB17. The
spin relaxation behaviors are monitored at 17 various temperatures. At each
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Figure 5.3: The spin relaxation time as a function of momentum scattering time
(a) at 300 K and (c) at 5 K in SLG (device JB17). The product τsτp and the ratio
τs/τp as a function of carrier density (b) at 300 K and (d) at 5 K. The blue and
green lines are linear fits.
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Figure 5.4: Temperature dependence of (a) spin relaxation time, (b) diffusion
constant, and (c) spin relaxation length at gate voltages VG=VD and VG=VD±20 V.
temperature point, the Hanle spin precession experiments are taken at three
different carrier densities, which are at the Dirac point (n=minimum) and
20 V away from the Dirac point (ne,h = 1.5×1012 cm−2). The spin relaxation
times at VD and VD±20 V show very weak temperature dependence in the
temperature range of 300-5 K, and the minimum τs always occurs at the Dirac
point. The consistent positive correlation between the τs and carrier density
suggests that in SLG, there is no transition of dominant spin relaxation mech-
anism (i.e., the EY mechanism) from 300 K to 5 K. However, from the recent
theoretical [31] and experimental [32] reports, the D’yakonov-Perel’ type of
spin relaxation could also play an important role in SLG, which makes the
spin relaxation behaviors more complicated. The true dominant spin relax-
ation mechanisms in SLG need to be further identified. One of the solution
is: similar to the analysis method for BLG (as presented in Ch. 4), one can
prepare the single layer graphene flakes with large carrier mobility variation
and examine the correlation between the τs and µ. However, the reproducibil-
ity of samples having very high or extremely low carrier mobilities can not
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be well controlled in this work so far. The most difficulty is to precisely con-
trol the charged impurity density and thus manipulate the carrier mobility
[29, 32, 72, 76, 81, 111] (assuming that the momentum scattering is mainly
due to the charged impurities). Therefore, the carrier mobility dependence of
spin relaxation time in SLG is not yet revealed.
5.2 Summary of the chapter
In order to understand the principle differences of the spin transport properties
between bilayer and single layer graphene, SLGs are deposited on the SiO2/Si
substrates and fabricated into spin valve devices in four-terminal non-local
geometry like the BLG devices. The correlation of τs ∝ D suggests the
dominance of the Elliott-Yafet mechanism in SLG at 300 K and at 5 K. The
results also reveal that both the charge and spin transport properties are very
weakly dependent on temperature in the range of 300-5 K. However, a general
dependence of spin relaxation time on carrier mobility and/or the minimum
conductivity at the Dirac point could further confirm the major of the EY
spin relaxation mechanism. For this purpose, samples having wide range of
carrier mobilities (i.e., charged impurity densities) need to be fabricated and
examined.
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Chapter 6
Spin transport in large-scale
graphene spin valve devices1
Graphene has been expected to be a potential candidate for spintronics appli-
cations due to its high charge carrier mobility and long spin diffusion length
at room temperature [22, 28]. However, the manufacturing of graphene-based
devices is limited by the graphene preparation process: mechanical exfolia-
tion technique. Therefore the chemical vapor deposition (CVD) technique for
graphene synthesis is developed and applied to fabricate large-scale graphene-
based devices. In this chapter, the spin valve devices with CVD synthesized
graphene are demonstrated. The electronic and spintronic properties of the
CVD synthesized graphene are investigated. The CVD synthesized graphene
films are prepared by Prof. B. H. Hong’s group at Sungkyunkwan Univer-
sity, Korea. The identification of the CVD synthesized graphene, e-beam
lithography, and RIE process are carried out by Prof. B. O¨zyilmaz’s group at
National University of Singapore, Singapore. The Co/MgO films deposition
and electrical experiments are carried out at RWTH Aachen.
1A. Avsar∗, T.-Y. Yang∗, S. Bae∗ et al., Nano Lett. 11, 2363 (2011).
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6.1 Spin transport in CVD synthesized single
layer graphene
In this section, the spin valve devices with CVD synthesized SLG (CVD SLG)
are demonstrated. The CVD process provides a possibility for large-scale
fabrication of graphene-based devices [5, 6, 7, 33, 112]. The SLG film is de-
posited on the cupper substrate first, then transferred to a SiO2/Si wafer. The
graphene can be patterned into different shapes by means of e-beam lithog-
raphy and reactive ion etching (RIE) techniques. Afterwards the spin valve
device in four-terminal non-local geometry is fabricated and the electronic
and spintronic properties are investigated.
6.1.1 CVD SLG-based spin valve devices
Figure 6.1(a) shows an AFM image of a CVD SLG after being transferred
to the SiO2/Si substrate and chemically etched. The surface is very rough
and has many defects, such as particles, ripples, folds, and kinks. The CVD
graphene can be large-scale patterned at certain locations, afterwards the
electrodes are fabricated above the graphene flakes. Figure 6.1(b) shows an
optical image of a 5×5 array of CVD SLG spin valve devices on the SiO2/Si
substrate. This fabrication process is highly compatible with the industrial
semiconductor manufacturing nowadays. Figure 6.1(c) shows an SEM image
of a spin valve device (device A3-4) with a patterned CVD SLG. Besides
the advantage of wafer-scale fabrication, due to the CVD graphene can be
patterned into different shapes, therefore the layouts of the devices are no
longer limited by the size and shape of the graphene flakes, and the structures
can be fabricated as densely as possible.
Figure 6.2(a) shows the measurement of the CVD SLG (device A3-2-1 H)
resistance as a function of gate voltage. In this device, the Dirac point lo-
cates at VD=−17 V. The charge carrier mobilities can be extracted from the
conductivity as a function of gate voltage, as shown in Fig. 6.2(b), and are
µe ∼1290 cm2/Vs and µh ∼1070 cm2/Vs. Figure 6.2(c) shows a spin valve ex-
periment of device A3-2-1 H at VG=0 V, the spin valve signal is about 4.6 Ω.
In addition, the Hanle spin precession measurement at VG=0 V is shown in
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Figure 6.1: (a) AFM image of a CVD SLG. (b) Optical microscopic image of a
5×5 array of CVD SLG spin valve devices (sample A4). (c) SEM image of a CVD
SLG spin valve device (sample A3-4) with 17 parallel Co electrodes.
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Figure 6.2: (a) Measurement of CVD SLG (device A3-2-1 H) graphene resistance
as a function of gate voltage at room temperature. (b) Gate voltage dependence
of conductivity of device A3-2-1 H. The carrier mobilities (estimated by the red
fitting lines) are µe ∼1290 cm2/Vs and µh ∼1070 cm2/Vs. (c) Spin valve and (d)
Hanle spin precession measurements of device A3-2-1 H at zero gate voltage. Note
that the backgrounds in the Hanle precession data are subtracted. The blue (black)
spheres represent the non-local resistance when the magnetizations of the injector
and detector are parallel (antiparallel), and the red curves are the fits to Eq. 2.18.
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Figure 6.3: (a) CVD SLG (device A3-2-1 H) resistivity as a function of carrier
density at room temperature. (b) Carrier density dependence of spin relaxation
time (blue squares) and momentum scattering time (red hollow spheres).
Fig. 6.2(d). The blue (black) spheres represent the non-local resistance when
the magnetizations of the injector and detector align in parallel (antiparal-
lel) configuration, and the red curves are the fits to Eq. 2.18. By fitting
the Hanle precession data, the spin relaxation time τs ≈182.2 ps, and diffu-
sion constant D ≈0.00703 m2/s are extracted, and thus the spin relaxation
length λs ≈1.1 µm is obtained. The spin transport quantities, including τs,
D, and λs, of the CVD SLG are very similar to those of the exfoliated natural
SLG [20, 28, 30, 32] (also see Chapter 5).
The carrier density dependence of τs (blue squares) of device A3-2-1 H
is shown in Fig. 6.3(b). The τs has a minimum value at the Dirac point,
corresponding to the maximum of the graphene resistivity in Fig. 6.3(a). As
the carrier density increases, the τs also increases. In order to identify the
spin relaxation mechanism in the CVD SLG, the analysis methods used in
Chapter 4 are again applied: investigating (1) the correlation between τs and
τp; and (2) the diffusion constant dependence of τs, and (3) the carrier density
dependence of the product τsτp and the ratio τs/τp. The τp in the Boltzmann
transport regime (n ≥ 1011 cm−2) can be estimated from the conductivity
and carrier density [113]:
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Figure 6.4: (a) Spin relaxation time as a function of momentum scattering time
of device A3-2-1 H at room temperature. The red line is a linear fit to τs = a0τp,
where a0 is a constant. (b) The product τsτp (blue color) and the ratio τs/τp (green
color) as a function of carrier density.
τp =
σ
e2
h
vF
√
pigvgsn(E)
, (6.1)
where h is the Planck constant, gv is the two-fold valley degeneracy (gv=2 ),
gs is the spin degeneracy (gs=2), and vF is the Fermi velocity (vF=10
6 m/s).
The red hollow spheres in Fig. 6.3(b) represent the τp as a function of carrier
density of device A3-2-1 H. One can see the spin relaxation time is propor-
tional to momentum scattering time, as shown in Fig. 6.4(a). The red line
is a linear fit to τs = a0τp, where a0 is a constant. Additionally, the carrier
density dependences of the product τsτp and the ratio τs/τp show that τs/τp
is much more constant, see Fig. 6.4(b). The results so far suggest that the
Elliott-Yafet mechanism dominates the spin relaxation in CVD SLG [28, 47].
Next the temperature dependence of graphene resistivity and spin relax-
ation time are discussed, as shown in Fig. 6.5. Similar to the natural SLG,
the resistivity of the CVD SLG (device A3-1-1 L) shows no significant tem-
perature dependence near the Dirac point. And the spin relaxation times are
linearly scaled with the carrier density at temperatures 300 K to 5 K. The
results suggest that the dominant spin relaxation mechanism in CVD SLG
does not change with the temperature and remain the Elliott-Yafet type at
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Figure 6.5: (a) Graphene resistivity, (b) spin relaxation time, and (d) spin relax-
ation length of the CVD SLG device A3-1-1 L as a function of carrier density at
various temperatures, T=300 K, 200 K, 100 K, and 5 K.
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Figure 6.6: Contact mode AFM image and line scan profile of a CVD SLG.
temperatures 300 K to 5 K. Furthermore, both the spin relaxation time and
spin relaxation length have weak temperature dependences, which indicate
that the CVD SLG device is nicely thermal stable. From the above, the CVD
SLG has shown a nice agreement with the natural SLG. The results strongly
suggest that the CVD SLG is promising for large-scale spintronic devices fab-
rication and is possible to be integrated into the conventional semiconductor
manufacturing.
6.1.2 Structural defect-induced spin-orbit coupling
The CVD SLG has structural defects, such as ripples [see Fig. 6.1(a)], due to
the preparation procedures. The curvature-induced extra spin-orbit coupling
might lead to magnificent intrinsic spin-orbit coupling in the CVD SLG [114,
115, 116]. Therefore the curvature-induced spin-orbit coupling of the CVD
SLG in this work is estimated in order to understand its influence on the
spintronic properties. Figure 6.6 shows the contact mode AFM image of a
CVD SLG 2. An average radius of curvature is R ∼200 nm, which is derived
2Contact mode AFM analysis is carried out by Prof. O¨zyilmaz’s group at NUS, Singa-
pore.
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by fitting the AFM image to Gaussian fit. The curvature-induced spin-orbit
coupling is a function of the curvature radius [114]:
∆curv =
∆(Vppσ − Vpppi)
V1
(
a
R
)(
V1
V2
)2, (6.2)
where ∆(=0.12 meV) is the intra-atomic spin-orbit coupling of carbon,
Vppσ(∼5.38 eV) and Vpppi(∼-2.24 eV) are the interlayer nearest-neighbor inter-
actions, a(=1.42 A˚) is the carbon bond length, V1(=2.47 eV) is the parameter
describing the atomic energy for the 2p and 2s atomic orbitals of carbon,
and V2(=6.33 eV) is the parameter describing the nearest-neighbor interac-
tions between the atomic orbitals s, px, and py of the σ band [114]. Thus
the ∆curv ∼3.3 µeV [35] in the CVD SLG is derived, which is much lower
than the intrinsic spin-orbit coupling in the natural SLG (25-50 µeV [97]).
Therefore in this case, the extra spin-orbit coupling induced by the structural
ripples is negligible, and indeed no significant differences in the spin transport
properties (e.g., τs and λs) are observed.
6.2 Spin transport in CVD synthesized bilayer
graphene
The process and the transfer of the large-scale CVD synthesized bilayer graphene
(CVD BLG) are similar to the CVD SLG’s. By controlling the post-annealing
procedure after the deposition, one is able to obtain either single layer or
bilayer graphene films. After the synthesis, the bilayer graphene films are
partially formed on the substrate. The single layer graphene surrounding the
bilayer graphene is dry etched by using the e-beam lithography and RIE. Fig-
ure 6.7(a) shows an optical microscopic image of a spin valve device with a
CVD BLG (the darker area). To simplify the fabrication process, the locally
deposited Co/MgO stacked films are used on this sample (sample JB BI-2).
Figure 6.8(a) shows the CVD BLG (device JB BI-2 BC) conductivity as
a function of gate voltage at room temperature, and the Dirac point (the
local minimum) locates at VD=−12 V. Due to the surface inhomogeneity of
this bilayer graphene, the minimum conductivity does not locate at the Dirac
point exactly but keep decreasing while the gate voltage sweeps further than
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Figure 6.7: (a) Optical microscopic image of a spin valve device (sample JB BI-2)
with CVD BLG (the darker area). The surrounding CVD SLG is chemically etched.
(b) Raman spectrum of the CVD BLG.
Figure 6.8: (a) Measurement of CVD BLG (device JB BI-2 BC) conductivity
as a function of gate voltage at room temperature. The Dirac point locates at
VD=−12 V. (b) Non-local Hanle spin precession measurement of device JB BI-
2 BC at VG=+28 V. The spin relaxation time τs ≈454 ps and λs ≈1.85 µm are
obtained by fitting the Hanle precession data.
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Figure 6.9: (a) Momentum scattering time dependence of spin relaxation time
in the CVD BLG device JB BI-2 BC at room temperature. (b) Carrier density
dependences of the product τsτp (blue color) and the ratio τs/τp (green color).
−30 V. Although the bilayer graphene is nonuniform, however, the 2D-band
(∼2700 cm−1) in the Raman spectrum [see Fig. 6.7(b)] confirms that most
of the graphene is bilayer [101, 104] while only a small part is either SLG
and/or FLG. It is expected that another Dirac point can be revealed if the
gate voltage increases further to the negative direction, similar to the previous
observation in the exfoliated BLG [see Fig. 4.11(d)]. From the gate voltage
dependence of conductivity measurement, the carrier mobility in the electron
conduction regime is estimated to be µe ∼1700 cm2/Vs. Figure 6.8(b) shows
a Hanle spin precession experiment of device JB BI-2 BC at VG=+28 V. The
spin relaxation time is found to be ≈454 ps and the spin relaxation length
λs ≈1.85 µm. The quantities of the µe, τs, and λs in CVD BLG are comparable
to those in natural BLG observed previously. Furthermore, the momentum
scattering time dependence of τs, and the carrier density dependences of the
product τsτp and the ratio τs/τp are shown in Fig. 6.9. The results indicate:
(1) the τs has a negative correlation with the τp, which is similar to the
observation in exfoliated BLG [see Fig. 4.10(a)]; and (2) the product τsτp has
weaker carrier density dependence than the ratio τs/τp does. Therefore the
D’yakonov-Perel’ mechanism is suggested to be dominant in CVD BLG at
room temperature [28, 47].
Next the temperature dependence of CVD BLG resistivity and spin relax-
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Figure 6.10: (a) Graphene resistivity and (b) spin relaxation time a function
of carrier density at various temperatures, from 290 K to 5 K. (c) Temperature
dependence of spin relaxation time at various gate voltages, VG= VD, VD+10 V,
VD+20 V, VD+30 V.
ation time are examined, as shown in Figs. 6.10(a) and (b). The temperature
dependence of CVD BLG (device JB BI-2 BC) resistivity indicates that the
resistivities near the Dirac point increase with the decrease of temperature.
The insulating behavior near the Dirac point might be due to the reduction of
the thermally excited carriers [22, 81] and has been observed in natural BLG as
well [see Figs. 2.14(a) and 4.23(a)]. On the left side of the Dirac point (n<0),
possibly due to the inhomogeneity of the graphene surface, the resistivity does
not decrease with the increase of carrier density but keep increasing instead,
especially at higher temperatures. Therefore only the phenomena in the elec-
tron conduction regimes are emphasized. Figure 6.10(b) shows the τs as a
function of carrier density at various temperatures and Fig. 6.9(c) shows the
temperature dependence of τs at different carrier densities. At room tempera-
ture, the τs is linearly scaled with the carrier density as well as the observation
in natural BLG (see Chapter 4). As the temperature decreases, the trend of
τs on the carrier density begins being suppressed. At 260 K, the τs still in-
creases with the carrier density at lower carrier densities (n<1.0×1012 cm−2),
but turns to a constant at higher carrier densities (n>1.0×1012 cm−2). At
230 K, the τs increases with carrier density at n<1.0×1012 cm−2, but de-
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creases at n>1.0×1012 cm−2. As the temperature further decreases to 220 K,
the τs slightly decreases with carrier density in the whole range (n>0). Finally
while the temperature reaches 210 K, the τs has clear inversely linear scaling
with the carrier density. The transition of the carrier density dependence of
τs occurs between 260 K and 210 K, which is also observed in natural BLG
(see Fig. 4.23). However, the reason why the transition of the carrier density
dependence of τs happens between 260 K and 210 K, and why first observed at
high carrier densities remain questions. Nevertheless, the CVD BLG has very
comparable performances to natural BLG, including the µ, τs, and λs at room
temperature and low temperatures. Recall the correlation between the τs and
µe in Fig. 4.12. The data point in blue hollow square represents the CVD
BLG device JB BI-2 BC, and indeed it locates around the fit line. Addition-
ally, the carrier density dependence of τs is also very similar to that of natural
BLG. The above suggests the D’yakonov-Perel’ type of spin relaxation is also
valid and dominant in CVD BLG. However, for a better systematic study of
the spin transport in CVD BLG, it is needed to examine more samples.
6.3 Summary of the chapter
The spin valve devices with CVD SLG and BLG are demonstrated. The
spin and charge transport properties of the CVD SLG and BLG are exam-
ined at room temperature and at low temperatures. The results show that
these CVD synthesized SLG and BLG have quite similar performances, in-
cluding the carrier mobility, spin relaxation time, and spin relaxation length,
compared to the exfoliated graphene. At room temperature, the possible dom-
inant spin relaxation mechanism in CVD SLG is the Elliott-Yafet type, and is
the D’yakonov-Perel’ type in CVD BLG. Therefore, despite of the structural
defects (e.g., ripples and kinks), the CVD synthesized graphene can be very
promising for large-scale spintronic device integration instead of exfoliated
graphene.
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Chapter 7
Summary and outlook
7.1 Summary
Graphene has tremendous potential for spintronics applications due to its long
spin relaxation length, and high carrier mobility. The spin relaxation mecha-
nism in single layer graphene (SLG) has been studied in the past few years.
However, the importance of the spin transport in bilayer graphene (BLG) has
not yet been investigated. The unique electronic properties of BLG, such as
the finite carrier effective mass and electric field induced band gap, make it
interesting to also study the spin transport phenomena. Therefore, in this
thesis the spin transport in BLG is mainly emphasized and systematically
studied. For this purpose, the spin valve devices with BLG are fabricated.
The BLG is deposited on the SiO2/Si substrate, then the spin valve de-
vice in four-terminal non-local geometry is fabricated by a sequence of e-beam
lithography, e-beam evaporation of MgO and Co, and standard lift-off tech-
niques. The role of the Co electrodes in the device is to serve as the spin
injector and detector, and the MgO film is for combating the conductivity
mismatch between Co and graphene. For comparison, the SLG devices are
fabricated and studied as well. In order to identify the dominant spin re-
laxation mechanism in BLG, the correlation between the spin transport and
electronic properties are mainly investigated, particularly the spin relaxation
time (τs) and the charge carrier mobility (µ). 17 BLG devices from 6 different
samples are collected and performed the carrier density dependence of con-
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ductivity, spin valves, and Hanle spin precessions. Long spin relaxation times
of ∼2 ns at room temperature is observed in one of the BLG devices, which
is the first observation of nanosecond spin relaxation times in graphene. Fur-
thermore, it is discovered that in BLG, the spin relaxation time is inversely
proportional to the carrier mobility (τs ∝ µ−1) at room temperature. This
result suggests that the dominant spin relaxation mechanism in BLG is the
D’yakonov-Perel’ (DP) type, which is different from the Elliott-Yafet (EY)
type, where τs ∝ µ, in SLG. Therefore, the solution for enhancing the τs in
SLG, e.g., increasing the carrier mobility, could be a poison for BLG.
Next the temperature dependences of the charge and spin transport in
BLG and SLG are examined. It is found that in BLG, the resistivity in the
vicinity of the Dirac point increases while decreasing the temperature. This
insulating behavior might be due to the decrease of the thermally excited
carriers. From the spintronics point of view, the correlation between the τs
and µ is again investigated at 5 K. Interestingly, the general behavior of DP
type of spin relaxation (i.e., τs ∝ µ−1) still dominates at high carrier den-
sities. However, near the Dirac point, the DP and EY mechanism could be
equally important. Furthermore, the carrier density dependence of τs is posi-
tive correlative at room temperature and becomes negative correlative while
the temperature decreases, and the transition occurs at about 220 K. These
observations imply that the dominant spin relaxation mechanism has a transi-
tion from the DP type to the DP-EY-co-governed type while the temperature
decreases. However, the origins of this transition need to be further investi-
gated and clarified. On the other hand, both the spin and charge transport
in SLG shows no significant difference between at room temperature and at
5 K.
To integrate graphene into the conventional semiconductor manufacturing,
the processes of large-scale graphene devices must be developed. The spin
valve devices with CVD SLG and BLG are demonstrated in this thesis. The
charge and spin transport properties of the CVD SLG and BLG are examined
at room temperature and low temperatures. The experimental results show
that these CVD synthesized SLG and BLG have quite similar performances,
including the carrier mobility, spin relaxation time, and spin relaxation length,
compared to the natural graphene. Therefore, the CVD graphene can be a
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very promising material for the next generation spintronics applications.
7.2 Outlook
Through the fundamental study of the spin relaxation mechanisms in bilayer
and single layer graphene, and the demonstration of large-scale graphene de-
vices in this thesis, it is convincing that graphene could play a major role
in the next generation technology. For the electronics applications, graphene
could be applied for the high frequency transistors, transparent conducting
electrodes, flexible ICs, and many others. And due to the longer spin relax-
ation time in BLG than in SLG, bilayer graphene could be more potential for
spintronics applications.
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